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ABSTRACT 
Lysyl oxidases constitute a family of enzymes responsible for the formation of cross 
links in collagen and elastin. These enzymes have also been linked to pathological fibrosis. 
The importance of collagen in the structural and mechanical properties of bone led us to 
investigate the hypothesis that the absence of one or more of these enzymes could lead to a 
significant bone phenotype. This phenotype could resemble osteoporosis or diabetic bone 
disease. In addition, we tried to overexpress lysyl oxidase proenzyme in vitro. The ability to 
produce enough amounts of lysyl oxidase proenzyme and the ability to process it and activate 
it could facilitate the development of drugs that control its activity in pathological fibrosis. 
Bones from 12-week old mice (8 males and 8 females) with the compound 
genotype LOX+/-, LOXLl -/- were analyzed. 5 males of the genotype LOX+/+, LOXLl-/-
were also analyzed. 16 wild type mice (8 males and 8 females) were used as controls. µCT 
was used to analyze the trabecular and cortical bone morphology of both left femur and L5 
vertebrae (n=5). The femora were subsequently subjected to mechanical testing using the 
twist failure in torsion. Right femurs (n=5) were used for histology and histromorphometric 
analysis. Tibia and fibula (n=5) were used for cross-link analysis. Two way factor ANOV A 
with post-hoc Tukey HSD test was used for statistical analysis. A P value of less than 0.05 
was used to declare significance. µCT analysis of the trabecular bone in femur distal 
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metaphysis and L5 vertebrae of the knockouts showed decreased relative bone volume, 
connectivity density and trabecular number and increased trabecular spacing. Cortical bone 
in femur mid-diaphysis region of the knockouts showed decreased relative bone volume and 
mineral density and increased cortical thickness and polar moment of inertia. Mechanical 
testing data showed increased torsional strength in the knockout mice. Crosslink analysis 
showed that the total number of LOX-catalyzed aldehydes was significantly lower in the 
knockout mice. Histological analysis showed that osteoclast ratio is increased on trabecular 
bones surface in femur metaphysis. Analysis of the growth plates showed that there is a 
significant decrease in the average number of flat column-forming cells. 
For expression of lysyl oxidase proenzyme, we used a tetracycline-regulated 
expression with human 293 and monkey COS-7 fibroblasts to express and release the rat 
lysyl oxidase proenzyme. The expression system consists of a regulatory vector 
(pcDNA6/TR) and an expression vector that contained the rat lysyl oxidase proenzyme 
sequence preceded by osteonectin signal peptide. We used two cell types, 293 and COS-7. 
Cells containing the regulatory vector were transiently transfected with the expression vector 
and induced with tetracycline for 24 hour after transfection. Media were analyzed for lysyl 
oxidase expression using Western blots. COS-7 cells expressed and secreted a· reasonable 
amount of lysyl oxidase proenzyme into the culture media 48 hours after induction. Medium 
was collected and lysyl oxidase proenzyme was purified and processed by BMP-1. 
Processing was confirmed by W estem blots and a fluorometric assay was used to analyze the 
lysyl oxidase enzyme activity. 
LOX+/-, LOXLl-/- mice develop a significant bone phenotype characterized by 
porosity and increased spacing between the trabeculae. This could predispose bones to micro 
fracture and to be easily resorbed during bone · turnover. Bone in these mice may have 
similarities to osteopenic bones in pathologies such as diabetes or osteoporosis. Lysyl 
oxidase proenzyme can be expressed and then collected and purified. Processing of lysyl 
oxidase proenzyme produces the active 32-kDa mature enzyme. Development of drugs that 
can control this activity will be useful in treating fibrotic disease where lysyl oxidase is 
upregulated. 
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1. Introduction 
1.1 Lysyl Oxidase 
1.1.1 Properties of Lysyl Oxidase 
Lysyl oxidase is a copper-dependent amine oxidase that oxidatively deaminates the 
£-amino group of specific peptidyl lysine and hydroxylysine residues of collagen and of 
lysine in elastin. This protein is secreted from the cell as an N-glycosylated inactive 50-kDa 
proenzyme (Trackman, Bedell-Hogan et al. 1992). Proteolytic cleavage of the rat lysyl 
oxidase proenzyme between Gly 162 and Asp 163 results in the formation of the functional 
32-kDa mature lysyl oxidase enzyme and the 18-kDa propeptide (Cronshaw, Fothergill-
Gilmore et al. 1995). It is an interesting finding that no lysine residues occur within the 
propeptide region of lysyl oxidase proenzyme. This distribution will prevent the oxidation of 
lysine residues in the propeptide which may result in cross linking of the propeptide to the 
catalytic domain (Lucero and Kagan 2006). This enzyme can reenter the cell nucleus and 
may result in cellular responses. Several reports illustrate its effects on tissue development, 
cell proliferation, and intracellular signal responses and cells migration. It can act as an 
agonist or an antagonist of malignant processes. Rat lysyl oxidase is made of 409 amino 
acids (Trackman, Pratt et al. 1990) while the human lysyl oxidase is made of 417 amino 
acids, and lysyl oxidase is conserved with 88% of the amino acids and 83% of the 
nucleotides conserved between human and rat lysyl oxidase (Mariani, Trackman et al. 
1992). 
The oxidative deamination of the £-ammo groups of lysine and hydroxylysine 
residues results m the formation of peptidyl aldehyde products ( a-aminoadipic-cr-
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semialdehyde). The aldehydes react spontaneously with unmodified lysine residues or with 
other peptidyl aldehyde residues to form a variety of intra- and intermolecular cross-links 
that stabilize collagen and elastin (Feres-Filho , Menassa et al. 1996; Palamakumbura , 
Sommer et al. 2003). After aldehyde formation, dehydrolysinonorleucine (deLNL) and aldol 
condensation product (ACP) crosslinkages form spontaneously from peptidyl AAS and 
lysine residues. 
Lysyl oxidase activity is inhibited by the administration of a specific agent called ~-
aminoproprionitrile (BAPN) or by copper depletion. This results in lathyrism, a condition 
characterized by a variety of connective tissue abnormalities , which include aortic ruptures, 
skeletal deformities and skin fragility. Analysis of lathyritic tissues showed that collagen is 
abnormally soluble and elastic fibers are defective. Lysine-derived cross-links are decreased 
and lysine content is increased . The importance of lysyl oxidase is revealed by studies in 
animal models. Lox-gene targeted mice (LOX-/-) die after birth and experience 
cardiovascular instability with ruptured arterial aneurysms and diaphragmatic rupture. 
Histological analysis reveals that the aorta contains fragmented elastic fibers (Homstra , 
Birge et al. 2003). These results show that this enzyme is crucial for survival of these 
animals and has important roles during embryogenesis. 
Since lysyl oxidase is an important enzyme for collagen maturation , it is important to 
understand how it is regulated by factors that regulate collagen synthesis. A study by 
Pischon et al, suggests that the inhibition of lysyl oxidase expression in osteoblasts by 
TNF-a without inhibiting collagen synthesis , results in the formation of perturbed collagen 
cross-linking and abnormal accumulation of collagen (Pischon , Darbois et al. 2004). These 
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results provide a novel mechanism for an inflammatory cytokine regulation of mature 
collagen deposition by osteoblasts. 
Recombinant lysyl oxidase was first expressed in Chinese hamster ovary cells from 
cDNA encoding either the full-length LOX or the truncated form missing the propeptide 
region. Two cell lines were transfected with the two different sequences and both secreted 
active lysyl oxidase enzyme. These results indicated that a portion of the proprotein region 
permits the correct folding of the active enzyme (Kagan, Reddy et al. 1995). Another study 
by Sommer et al on the expression of recombinant lysyl oxidase by myofibroblast-like cells 
indicated that the complete removal of the propeptide region prevents ProLOX secretion 
(Seve, Decitre et al. 2002). 
1-10 mg of the 32-kDa mature enzyme has been purified from 300 to 1000 g of bovine 
aorta. The insolubility of this protein makes the extraction possible only by buffered 4-6M 
urea. The lack of solubility led to the precipitation of the catalyst in the absence of urea 
(Kagan and Sullivan 1982). 
1.1.2 Family Members of Lysyl Oxidase 
Having the same catalytic activity of lysyl oxidase, at least four LOX-like proteins 
have been identified. These are LOXLl, LOXL2, LOXL3 and LOXL4. Together with LOX, 
they form a gene family containing five members. LOX and LOXL 1 are secreted to the 
extracellular environment as proproteins (ProLOX and ProLOXLl respectively). Proteolytic 
cleavage of these pro-proteins releases the C-terminal catalytic domain and the N-terminal 
propeptide (Csiszar 2001 ). Both proteins are processed by procollagen C-proteinase (PCP) 
or less efficiently by mammalian tolloid proteinases (Uzel, Scott et al. 2001). This is 
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considered a regulatory step in the synthesis of collagenous matrix. Linked to this regulatory 
step is the fact that the N- and C- propeptides of fibrillar collagen must be removed by N-
and C-proteinases, respectively , to allow the assembly of individual collagen molecules into 
quarter-staggered fibrillar aggregates. So, procollagen C-proteinase activates lysyl oxidase 
and cleaves the C-terminal propeptide of pro-collagen which result in diminished solubility 
of the resulting tropocollagen (Prockop and Kivirikko 1995). Lysyl oxidase catalysis of 
lysine oxidation is limited to lysine residues located in these fibrillar aggregates. In fact, we 
can see that procollagen C-proteinase can control both the formation of fibrillar collagen and 
collagen cross-linking. (Siegel 1974; Kagan and Li 2003) 
Analysis of the expression patterns of lysyl oxidases revealed a wide and variable 
distribution in the different tissues of the body. Abnormalities in the expression of these 
enzymes could result in different pathological conditions. For example, reports indicate that 
the expression of some lysyl oxidases is upregulated in fibrotic livers (Murawaki, Kusakabe 
et al. 1991 ). 
While LOX null mice were unable to live, LOXL I-null mice are viable but they 
experience problems in elastic fiber deposition. These animals are unable to deposit normal 
elastic fibers in the uterine tract. They have enlarged airspaces of the lungs, loose skin and 
vascular abnormalities (Liu, Zhao et al. 2004). 
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1.2 Collagen 
1.2.1 Properties of collagen 
Collagen is a stiff triple helical protein. It is the main structural protein in the body 
making up to 25% of the whole body protein content. It makes up a major part of the 
extracellular matrix and provides tissues with strength and support. There are 28 types of 
collagen described in the literature. More than 90% of the collagen in the body is of type I, 
II, III and IV. Type I collagen is the major type of collagen in bone. It is the most abundant 
collagen of the human body. It is also found in tendons, skin, artery walls and teeth. Type II 
collagen is found primarily in hyaline cartilage. Reticular fibers are composed mainly of 
type III collagen. Type IV collagen is the main component of basement membrane. 
1.2.2 Collagen Synthesis 
Collagen is made from 3 a polypeptide chains that are wound to one another in a 
rope-like super helix. Collagens are extremely rich in proline and glycine, which are 
important in the formation of the triple-stranded helix. Proline has a ring structure that 
stabilizes the helical conformation in each a chain, while glycine is present at every third 
residue throughout the central region of the a-chain. Because of its small side chain, glycine 
allows the three helical a-chains to pack tightly together to form the final collagen 
super helix. 
Initially, these a-chains are synthesized as large precursors called pro-a-chains which 
possess propeptide regions at both their N and C termini. The chain is about 1000 amino 
acids long. It is arranged as a left-handed helix, with three amino acids per tum and glycine 
comes as every third amino acid. Therefore, an a- chain is composed of a series of triplet 
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Gly-X-Y sequences. In this arrangement, X and Y can be any amino acid, most commonly 
X and Y are proline and lysine respectively. Some prolines and lysines are hydroxylated to 
form hydroxyproline and hydroxylysine, respectively, and some of the hydroxylysines are 
glycosylated. Each pro-a chain then combines with two others to form a hydrogen-bonded, 
triple-stranded, helical molecule known as procollagen. Removal of the propeptides from the 
N and C terminal regions of procollagen molecules results in the formation of collagen 
molecules, which assemble in the extracellular space to form much larger collagen. 
1.2.3 Post-translational Modification of Collagen 
Collagen is an important fiber in the extracellular matrix of multiple tissues in the 
body. It forms 90% of the organic matrix of bone and along with the mineral content it 
governs the biomechanical properties and functional integrity of this tissue. 
Improper cross-link formation results in pathological and dysfunctional tissue. As 
mentioned previously, lysyl oxidase is the enzyme that catalyzes the formation of the 
aldehydes from peptidyl lysine and hydroxylysine residues which react to form collagen 
cross-links. These cross-links can be divided into mature and immature cross-links. 
Immature lysyl oxidase derived cross-links are of two types. The first is 
hydroxylysine aldehyde derived cross-links (ketoimines). This type of cross-link is formed 
from the condensation of telopeptide aldehyde with the triple helical hydroxylysine to form 
Schiffs base. An example of this cross link is hydroxylysine-5-ketonorleucine (HLKNL). 
This cross-link can be stabilized by chemical reduction with NaBH4 to its reduced form 
dihydroxy-lysinonorleucine (DHLNL). The second type is lysine aldehyde derived cross-
link (aldimines). An example of this type is dehydro-hydroxy-lysinonorleucine (deH-HLNL) 
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which is formed from the condensation of the telopeptide lysine aldehydes with helical 
hydroxylysine residues. The NaBH4-reduced form of this cross-link 1s 
hydroxylysinonorleucine (HLNL). Another example is dehydrolysinonorleucine (deH-LNL) 
which is formed form the condensation of the telopeptide lysine aldehydes with helical 
lysine residues. 
Mature enzymatic cross-links are trivalent and more stable than the immature cross-
links. There are three of trivalent cross-links. One of them is hydroxylysyl pyridinoline (HL-
Pyr) which is composed of two hydroxylysyl-aldehyde resides and a helical hydroxylysine. 
Another trivalent cross-link is lysyl-pyridinoline (L-Pyr) which is formed from two 
hydroxylysine aldehydes and a lysine residue. The pyrrole cross-link is proposed as a 
trifunctional maturation of the ketoimines. (Knott and Bailey 1998) 
1.2.4 Collagen Modification with Age 
With aging, the amount of enzymatic cross-links decrease and are replaced by 
nonenzymatic transformations. Advanced glycation endproducts result from the reaction of 
sugars in the extracellular space with amino groups on proteins (Gamero , Borel et al. 2006) . 
These result in nonezymatic cross-links that accumulate with aging and have detrimental 
effects on bone and other tissues. Another type of nonenzymatic transformations is C-
telopeptide ~-Isomerization. It appears in type I collagen which undergoes an Asp-Gly ~-
isomerization within the C-telopeptide (Knott and Bailey 1998). 
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1.3 Bone Structure and Development 
Bone, like any connective tissue, is composed of cells and extracellular matrix. Bone 
matrix is a composite material, made of minerals and organic phases. The mineral part 
provides stiffness for bone while the organic part, mainly type I collagen, provides ductility 
and toughness (Gamero, Borel et al. 2006). 
Normal bone development occurs by two mechanisms: 
a) lntramembranous bone formation is made by the inner periosteal osteogenic layer 
with bone synthesized without cartilage phase 
b) Endochondral bone is synthesized on a mineralized cartilage template after shaping 
and elongation of the developing organ by epiphyseal and physeal cartilage 
(Shapiro 2008). 
Bone is synthesized by osteoblasts which arise from osteoprogenitor cells located in 
the preiosteum and bone marrow. These osteoprogenitor cells come from stem cells under 
the appropriate stimuli. Osteoblasts produce bone matrix which is mainly type I collagen 
and is responsible for the mineralization of bone matrix. The osteoclast is the cell 
responsible for bone resorption by removing its mineralized matrix. This cell is a member of 
the monocyte/macrophage family. 
Bone is a dynamic tissue with resorption and formation going on throughout life. 
Bone mass is maintained through a delicate balance between these two processes. During 
growth, an increase in bone formation over resorption results in a total increase in bone mass 
(Cao, Wronski et al. 2005). Reaching adulthood, a balance is maintained between formation 
and resorption with continuous remodeling. This balance is disturbed with aging or in 
certain pathological conditions resulting in either abnormal bone growth or enhanced bone 
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loss. The process of bone resorption can be regulated by preosteoblastic calls which produce 
osteoprotegrin, which is a soluble decoy receptor that binds RANKL and prevents its 
binding to its receptor RANK on osteoclast lineage cells. RANKL stands for Receptor 
Activator for Nuclear Factor K B Ligand, and it is expressed on the surface of 
preosteoblastic/stromal cells. RANKL is an important osteoclast differentiation factor and its 
binding to osteoprotegrin instead of RANK prevents osteoclast differentiation and function, 
which implicates control of bone resorption by preosteoblastic cells. (Khosla 200 I; Sims and 
Gooi 2008) 
In general, there are two types of bone; cortical ( compact) bone, and trabecular bone. 
Cortical bone is much denser with porosity ranging from 5 to I 0%. It is found in the shaft of 
long bones and surrounds cancellous bone at the ends of joints and in the vertebrae. 
Trabecular bone is found at the ends of long bones and inside the vertebrae (Seeman and 
Delmas 2006). 
Several studies analyzed the micro-architecture and geometry of trabecular and 
cortical bone. Most of these studies were done on the animal models. Several analytical 
methods were used to describe the differences in the features of these two types of bone 
throughout the body. Among these methods is the use of micro tomography which uses x-
rays to create cross-sections of a three-dimensional object that later can be used to recreate a 
virtual model without destroying the original model. The term micro is used to indicate that 
the pixel sizes of the cross-sections are in the micrometer range. This also means that the 
machine is much smaller in design compared to the human version and is used to model 
smaller objects. With the use of this technique, description of bone features is given in 
numerical values which permit the analysis of bone architecture. 
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Among the values that describe bone architecture is the total volume which is the 
volume of the combined slices that were selected for analysis. Bone volume quantifies the 
volume of bone within the areas selected for analysis. The relative bone volume tells how 
much bone there in a certain volume of the se!ected areas. Cortical bone is described by the 
previous values in addition to cortical thickness which quantifies the average thickness of 
the surrounding cortex. Polar Moment of Inertia is a calculated mathematical value of the 
bone cortex which describes object's ability to resist torsion. 
Trabecular bone is analyzed by values that describe the shape and thickness of the 
individual trabeculae. A description of the geometry of the total bone trabeculation is useful 
to analyze the whole cancellous bone. Among the parameters used is the average number of 
trabeculae in a certain area of bone tissue. Other values are connectivity density, which 
could explain how well the trabeculae are connected to each other, and trabecular spacing, 
which shows how the trabeculae are spaced. Trabecular thickness tells the average thickness 
of bone trabeculae . 
Bone mineral density is a very important parameter obtained from micro CT 
analysis. It best describes the bone density and shows differences in developing peak bone 
mass according to gender or pathologies. 
1.4 Growth Plates of Bone 
The growth plate or the epiphyseal plate is the hyaline cartilage plate located in the 
bone metaphysis of children and adolescents. The longitudinal growth of these bones occurs 
primarily at these plates . This type of bone formation is called endochondral ossification 
which starts with the condensation of mesenchymal cells which differentiate into 
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chondrocytes forming cartilaginous templates. The cartilage tissues at both ends of long 
bones proceed through programmed proliferation, maturation, hypertrophy and finally 
hypertrophic differentiation. Three morphologically distinct groups of chondrocytes are seen 
in this area, round periarticular chondrocyte, flat column-forming chondrocytes, and 
hypertrophic chondrocytes. The hypertrophic chondrocytes stimulate adjacent perichondrial 
cells to differentiate into osteoblasts that form bone. Then the region of hypertrophic 
chondrocytes is invaded by blood vessels and bone cells ( osteoblasts and osteoclasts) which 
replace cartilaginous extracellular matrix with bone extracellular matrix (Zhang, Tan et al. 
2005) (Kobayashi, Soegiarto et al. 2005). 
Several studies showed that abnormalities in bone development are associated with 
abnormalities in growth plates. The growth of a skeletal element depends on a precise 
regulation of chondrocyte proliferation and hypertrophy. An important determination of the 
growth rate is the total number of proliferative chondrocytes. Correct morphogenesis 
depends on the integration of proliferation and hypertrophy over the entire width of the 
growth plate (Hunziker 1988). A complex network of signaling regulates the process of 
chondrocyte proliferation and differentiation. Two factors are considered the major signaling 
molecules that control the process of chondrocyte proliferation and differentiation. These are 
PTH-related peptide (PTHrP) and Indian hedgehog (Ihh) (Vortkamp, Lee et al. 1996; 
Kronenberg 2003). PTHrP is a paracrine hormone secreted from cells within ·the 
periarticular zone and acts to inhibit both the transition from proliferating to hypertrophic 
chondrocyte and the expression of Ihh. Cells located at a certain distance from PTHrP start 
to differentiate and secret Ihh. Ihh then positively feeds back on the cells within the 
periarticular zone by stimulating PTHrP expression and directly regulates chondrocyte 
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proliferation and differentiation. (St-Jacques, Hammerschmidt et al. 1999; Karp, Schipani et 
al. 2000; Kobayashi , Chung et al. 2002) 
1.5 Bone Pathologies 
1.5.1 Osteoporosis 
Osteoporosis , a common bone pathological condition, is characterized by the loss of 
bone mass and strength leading to fragility fractures. It is most common in postmenopausal 
women due to estrogen deficiency. It is associated with increased bone turnover with bone 
resorption exceeding bone formation (Bouxsein, Myers et al. 2005). The low bone mass 
could be caused by prolongation of the life span of osteoclasts and early apoptosis of 
osteoblasts and osteocytes (Liu, Dvomyk et al. 2005). Loss of bone tissue in post 
menopausal osteoporosis could be related to inflammatory mediators. Reports from in vivo 
and in vitro experiments suggest that TNF-a has a central role in the pathophysiology of 
bone loss following menopause (Pacifici 1996; Horowitz , Xi et al. 2001). TNF-a treatment 
of cell cultures of mineralizing osteoblasts caused increased calcium release and suppression 
of matrix protein production. This suggests stimulation of bone resorption and inhibition of 
bone formation (Bertolini , Nedwin et al. 1986; Canalis 1987). 
Menopause in women is associated with a rapid loss of cortical bone. Cortical bone 
loss affects the vertebrae and pelvic and forearm bones. The loss of cortical bone is less 
drastic and is present in long bones and vertebral cortical shell. Studies on different strains 
of mice show that they lose cortical and trabecular bone, though with site variability, one 
month after ovarectomy (Bouxsein , Myers et al. 2005). 
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Trabecular bone is abundant in the appendicular skeleton and in the vertebral body. 
In long bones, trabecular bone has a major role in supporting the outer cortical shell and to 
maintain bone integrity. Pathologies that affect trabecular bone architecture affect the 
mechanical properties of the total bone organ and increase fracture susceptibility and impair 
the healing process. (Tommasini , Morgan et al. 2005) 
Osteoporotic bone loss in men and women could be associated with aging. It can be 
caused by changes in sex steroid production or due to secondary hyperparathyroidism. 
Factors such as vitamin D deficiency, defects in osteoblast function and differentiation, 
alterations in insulin like growth factor, and reduced peak bone mass could contribute to the 
pathology (Khosla and Riggs 2005). Because of the lack of postmenopausal osteoporosis, 
men more commonly exhibit age-related bone loss. 
In other cases osteoporosis is characterized by low bone mineral density. Bone 
mineral density is achieved in early childhood (peak bone mass) and is a major determinant 
of the risk of osteoporosis (Cummings , Kelsey et al. 1985; Melton, Kan et al. 1989; Deng, 
Chen et al. 2000). 
Age-related changes in bone mineral density are seen at different skeletal sites. BMD 
decreases in the spine over life, predominantly in the trabecular bone. The decrease was 
greater in women than in men and began even before middle life (Khosla and Riggs 2005). 
The total mass of bone present determines to great extent the risk of fracture. The 
loss of bone mass due to aging, genetic or environmental factors results in increased 
frequency of fractures (Smith , Nance et al. 1973). Is it important then to investigate all the 
factors that could result in loss of bone mass which could predispose the bone to fractures. 
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1.5.2 Diabetic Bone Disease 
Diabetic patients suffer from loss of bone tissue. Clinical evidence suggests that the 
loss is associated with diminished bone formation with or without enhanced bone resorption. 
The pathology involves mechanical, hormonal, and vascular factors (Reddy, Stehno-Bittel et 
al. 2001). 
A study by Saito et al (2006) indicates that after the onset of type II diabetes in rats, 
there is a steady decrease in enzymatic cross-links and a steep increase in pentosidine. 
Femurs from seventy diabetic male WBN/Kob rats, 1-18 months old were subjected to bone 
mineral density analysis, cross link analysis and three-point bending test. Seventy normal 
male Wistar rats were used as the non-diabetic, age-matched control. The diabetic rats 
suffered from impaired bone mechanical properties and normal bone mineral density. The 
results indicate that the alteration in enzymatic and nonenzymatic cross-linking could 
contribute to fracture susceptibility in diabetes (Saito, Fujii et al. 2006). 
1.5.3 Paget's disease of Bone 
This disease is considered the most common bone pathology after osteoporosis. It is 
characterized by a localized disorder of bone remodeling. It starts with increased osteoclast 
activity resulting in bone resorption followed by new bone formation as compensation. This 
results in disorganized mosaics of woven bone at the affected sites. The resulting bone is 
larger in size, less compact, highly vascularized and susceptible to more fractures than 
normal bone (JA 1998). 
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1.6 Determinants of Bone Strength 
Different parameters govern the strength of bone. These include its mass, shape and 
geometry, microarcheticture and material properties of bone matrix itself (Viguet-Carrin, 
Gamero et al. 2006) (Gamero , Borel et al. 2006). Bone mineral density (BMD) is considered 
an important factor in determining bone quality but it is not an accurate predictor of bone 
strength (Viguet-Carrin , Gamero et al. 2006). An important factor determining bone strength 
is collagen properties. Abnormalities in collagen deposition can affect the mechanical 
properties of bone and increase fracture susceptibility . Several studies suggest that 
variability ' s in bone strength is in part due to mineral content and in part due to differences 
in the quality of collagenous matrix, including the nature and extent of posttranslational 
modifications. 
A study by Gemeo et al (2006) concluded that the extent and nature of collagen 
cross-linking is a major determinant of the mechanical properties of cortical bone 
independently of bone mineral density. The study is based on incubating bovine cortical 
bone specimens at 37 °C for 0,60,90 and 120 days in order to modify the extent of collagen 
type I cross linking with maintaining constant architecture and mineral content. After 60 
days of incubation , there was an increase in the amount of enzymatic cross links (PYD and 
DPD) and nonenzymatic cross links (pentosidine and C-telopeptide isomerization). These 
changes were associated with decrease in bending and compressive yield stress and increase 
in compressive post-yield energy absorption. Bone stiffness , which is proposed to be 
associated with mineral content , did not change (Gamero , Borel et al. 2006). 
Collagen cross-linking is an important factor of bone quality , and could play a major 
role in the etiology of osteoporotic fractures (Hernandez , Tang et al. 2005). Good bone 
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quality depends on the intact bone trabeculae. Fractured trabeculae may not be replaced 
during bone turnover and can cause permanent bone defect (Parfitt 1984; Fazzalari 1993; 
Fyhrie and Schaffter 1994) 
SAMP stands for the senescence-accelerated prone mouse. This is a mouse strain 
that exhibits certain pathologies. SAMP6 emerged as a senile model for osteoporosis. 
Analysis of the femoral bones from SAMP6 osteoporotic mice show that their bones are 
weak and brittle compared to their controls SAMRl mice. It has many features of the 
disease like decreased trabecular bone formation. SAMRl is the control and normal strain to 
SAMP6 (Silva, Brodt et al. 2002). Different analytical methods were used to assess the 
properties of femoral bones from SAMP6 osteoporotic mice and compare it to normal bones 
from SAMRl controls. Femora were collected from 4 and 12 month-old mice. Quantitative 
histology, collagen cross-link biochemistry and torsional mechanical testing were done. The 
results show that the weakness of the bones is attributed to a defect in the strength of bone 
matrix. It is mainly due to poorer organization of collagen fibers and reduced collagen 
content. These results indicate the role of collagen and its properties in influencing skeletal 
fragility (Silva, Brodt et al. 2006). 
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2. Hypothesis 
Bone growth and maturation 1s a complex process involving multiple cellular 
activities and multiple factors. Normal collagen synthesis and maturation and hence normal 
extracellular matrix deposition govern normal bone development. Any abnormalities in the 
collagenous matrix may lead to bone loss and impaired bone quality. Bone quality is 
explained by the structural and material properties of bone, which have been proposed as 
major determinants of increased fracture risk in osteoporosis (Burr 2002; Garn ero and 
Delmas 2004). Normal collagen synthesis depends on the presence of multiple enzymes and 
proteins. Among these are lysyl oxidases, which have a major role in making normal and 
insoluble extracellular matrix. The link between lysyl oxidase deficiency and normal bone 
quality and biomechanical properties is not yet established. 
Pathological fibrosis is harmful to the affected tissues and could render them 
dysfunctional. Since increased activity of lysyl oxidases have been linked to this pathology, 
the development of specific inhibitors to these enzymes will be useful in controlling 
excessive fibrosis. Being able to produce lysyl oxidase by cells in vitro, will enable the 
deveiopment of these drugs. 
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3. Objectives 
Lysyl oxidase is the catalyst that leads to strong collagenous matrix. Defects in 
collagen or in collagen cross-linking could lead to an abnormal extracellular matrix. The 
importance of collagenous matrix as a determinant of bone strength led us to investigate 
whether the absence of lysyl oxidase or one of its family members could affect bone quality. 
Here we investigate the importance of lysyl oxidase and lysyl oxidase like 1 for normal bone 
tissues development and maturation. We wish to determine if LOX and LOXL 1 have 
separate functions and different tissue distribution and whether they have a cumulative 
action in which one can compensate for the down regulation of the absence of the other. 
We therefore, analyzed bones from 12 week old LOX+/- and LOXLl-/- knockout 
mice. The analysis was done by µCT to evaluate bone architecture of these mice. To support 
µCT analysis, we did histological analysis of the bone and growth plates to investigate any 
abnormalities in normal biological mechanisms. The involvement of lysyl oxidase in 
pathological fibrosis demanded us to look for a good recombinant in vitro source for this 
protein. The ability to have lysyl oxidase in its proprotein form will allow us to activate as 
we needed. Having catalytically active lysyl oxidase will improve the development of drugs 
that can control its activity and modify it during fibrotic disease. 
To accomplish this, we used tetracycline-regulated expression system with different 
cell types to express and secret lysyl oxidase proenzyme into the culture media. Collection, 
purification and activation of the proenzyme were done to test our hypothesis. 
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4. MATERIAL AND METHODS 
4.1 Materials and Methods for Part I: 
BONE PHENOTYPE OF L YSYL OXIDASE ISOFORM KNOCKOUT MICE 
4.1.1 Mouse Model 
LOX and LOXLl knockout mice were kindly provided Dr. Jingsong Xu, Harvard 
University . There were two groups of mice used in the study. The first group was the 
compound knockout with the compound genotype LOX+/- , LOXLl -/- with the mixed 
background of strains 129/SvJ and C57BL/6 . 16 mice including 8 males and 8 females were 
provided . The second group was the single knockout mice with the genotype LOX+/+ , 
LOXLl-/-. 5 male mice were provided. 16 wild type mice form the strain B6129sF1/J , 
which is made by crossing strain C57BL/6 with strain 129/SVlMJ , were used as controls. 
Those included 8 males and 8 females. 
4.1.2 Sample Collection 
All mice were grown until 12 weeks of age. The mice had free access to food. At 12 
weeks of age , mice were sacrificed by carbon dioxide asphyxiation and tissues were 
harvested. The left femur and the spine were stored at -20° C and then used for micro CT 
analysis. Left femurs were subsequently subjected to the twist to failure in torsion test. The 
right femurs were fixed in 4% paraformaldehyde and then used for histological analysis. 
Right and left tibia and fibula were stored at -20° C. Later , they were sent to the University 
of North Carolina , Chapel Hill for cross-link analysis. 
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4.1.3 Micro-Computed Tomography and Image Analysis 
All micro CT analyses were done at the Orthopedic and Developmental 
Biomechanics Lab, Boston University, Boston, MA by Dr. Elise Morgan and her colleagues. 
The machine used is a MicroCT 40 manufactured by ScancoMedical (Basserdorf, 
Switzerland). The scan settings were 70 kVp, 114 microA, 200 msec Integration time. The 
analysis software was developed by Scanco and runs on an OpenVMS system. Three areas 
of the left femur from each animal were analyzed. These areas contain the trabecular bone 
structure in distal epiphysis and metaphysis and cortical bone structure in the diaphysis. For 
the epiphysis we analyzed a 240-microns thick region that was located 60 microns proximal 
to the inter-condylar notch. The distal metaphysis was presented with a 600-microns thick 
region that was located 120 microns proximal to the growth plates. 1200-microns thick 
region of the mid-diaphysis was analyzed. 
Lumbar vertebrae number five was analyzed from the spine of each animal. Both 
trabecular and cortical bone analysis were done on 800-microns thick region that was 
located at 160 microns proximal to the caudal growth plates. When analyzing trabecular 
bone, the trabecular area was traced and separated from the outer cortical shell. This was 
done on every 12-µm thick slice in femur metaphysis and epiphysis and on every 16µm 
thick slices in the vertebrae. 
To analyze cortical bone, the internal and external contour of the cortex was traced 
over each slice in femur diaphysis and vertebral cortical shell. The threshold was chosen to 
be a gray value that represents 25% of maximum possible intensity. A Gaussian filter 
(sigma=0.8, support=l) was used to reduce partial volume effects. 
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4.1.4 Trabecular Bone Parameters 
The parameters used to characterize trabecular bone structure are listed. TV (total volume 
inside the contour [ mm3]) represents the total volume of the selected and contoured slices. 
BV (bone volume [ mm3]) represents the total volume of the areas above the threshold and 
that should be considered bone quantified inside the contour of the selected slices. 
BV /TV (relative bone volume) represents the fraction of the volume inside the contour that 
is considered bone relative to the total volume inside the contour. 
BMD (bone mineral density [mg HA/cm2]) was calculated by converting X-ray 
attenuation values to mineral density values using a standard curve made of known mineral 
densities of solid hydroxyapetite standards. Conn. D. ( connectivity density, normalized by 
TV [1/ mm3]) is the average number of connections between the trabeculae in an area of one 
cubic millimeter. SMI: (structural model index) was an index with values between O and 3, 
where O indicate parallel shape of the trabeculae and 3 indicate that the trabeculae have a 
shape of cylindrical rods. Tb.N (trabecular number [1/mm]) is the average number of 
trabeculae between two imaginary parallel lines that were one millimeter apart. 
Tb.Th · (trabecular thickness [mm]) is the average thickness of the trabeculae. Tb.Sp 
( trabecular separation = marrow thickness [mm]) was the average spacing between the 
trabeculae of the average marrow spaces. 
4.1.5 Cortical Bone Parameters 
TV: total volume inside the contour [ mm3] 
BV: bone volume [mm3] 
BV /TV: relative bone volume [1] percent 
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BMD: Density [mg HA/cm 2] 
Cortical Thickness mm 
pMOI [mm4]: Polar moment of inertia is a measure of an object's ability to resist torsion. It 
is required to calculate the twist of an object subjected to a torque. 
4.1.6 Mechanical Testing of Mouse Femurs 
The femurs of compound knockout and wild type mice were subjected to the twist to 
failure in torsion using a torsion machine. The proximal and distal ends of the femurs were 
stabilized in aluminum casting and the gauge length is measured at four points around the 
specimen. The specimen was loaded in the torsion machine (Instron 55MT Torsion tester) 
with proximal end in the rotating grip and the distal end in the fixed grip. The proximal end 
was twisted inward at a rate of 0.5 degrees/second and angle and torque data were recorded 
at a rate of 20 times per second (20 Hz). Test data file was processed with Matlab to obtain 
Max Torque (peak torque reached in test), Normalized Twist to Failure (peak twist 
normalized by gage length), Torsional Stiffness (slope of torque-twist curve over the 
straightest portion normalized by gage length), and Work to Failure (area under torque-twist 
curve). 
The mechanical testing parameters recorded are listed. 
Max Torque (Nm) is the maximum rotational force experienced by the sample before 
failure, measured in Newton-meters. 
Normalized twist to failure (rad/mm) is the amount of twist that corresponds to the 
maximum torque. This value is normalized by gage length to account for variations in gage 
length among the samples, measured in radians per mm 
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Torsional Stiffness (NmmA2/rad) is the slope of the torque-twist curve and is a measure of 
the resistance of an elastic body to deflection or deformation, measured in Newton-
millimeter/\2 per radian 
Work (N-rad) is the amount of energy required to bring the sample to failure. This value is 
the area under the torque-twist curve, measured in Newton-radians. 
4.1.7 Histological Analysis 
The left femur from each animal was fixed for 72 hours in cold 4% 
paraformaldehyde. 14 % EDTA (American Bioanalytical, Natick, MA) decalcification was 
done for 3 weeks, and then the bones were embedded longitudinally in paraffin with 
intercondylar notch at the distal end facing upward. Specimens were sectioned at 7 microns 
and prepared for staining. Central sections were chosen for analysis. The analysis in each 
sample was assessed using computer image analysis. The program used is Image Pro Plus 
software (Media, Cybernetics, and Silver Spring, MD) 
.Relative bone volume was calculated in the metaphysis area from 3 sections per 
animal stained with hematoxylin and eosin. The area selected from each slide is 0.1 mm 
away from the growth plate. The area selected excluded the outer cortex and extended 2.3 
mm away from the growth plates. Bone volume was calculated then divided by total volume 
of the analyzed area. Osteoclasts were counted from 5 representative areas of the distal 
metaphysis from slides stained with TRAP stain. Three slides were analyzed per animal 
(total of 15 areas per animal). The areas selected are from the same areas analyzed for 
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relative bone volume. Osteoclast counting was normalized to the unit length of trabecular 
bone contour. 
4.1.8 Growth Plate Analysis 
Three central sections stained with H&E were selected from each animal. Several 
overlapping images were taken across the length of the growth plate using Image Pro Plus 
software at a magnification of 20 X. Panoramic photomerge of the overlapping images was 
done by using Adobe Photo Element 6 software (Adobe Systems Incorporated, Newton, 
MA) . The panoramic photomerge for each slide was then analyzed using Image Pro Plus 
software. For each photo merge, the total growth plate area was calculated by tracing the 
contour of the growth plate. The average height of the growth plate was calculated by 
measuring the height at 5 different areas of the plate. The cellular density was calculated by 
counting the number of cells in each panoramic photo merge and then dividing by the plate 
surface area. The average number of column forming cells was calculated by counting the 
number of cells per column in 5 separate columns. 
4.1.9 Histological Stains 
a) Hematoxylin and Eosin Stain 
Slides were deparafinized in xylene followed by gradual rehydration starting with 
100% then 95% then 80% ethanol and ending with water. Staining then started with Harris 
modified hematoxylin (Fisher Scientific, Pittsburgh, PA) for 5 minutes followed by washing 
in slow running water for 5 minutes. · Slides were then placed in 2% acid alcohol for 3 
seconds followed by rinsing in running water for 1 minute. After that, slides were placed in 
24 
1 % ammonium water for 30 seconds and then rinsed in slow running water for 30 seconds. 
Counter staining was done with 0.5% eosin (Fisher Scientific, Pittsburgh , PA) for 2 minutes. 
Staining was followed by gradual dehydration through 80%, 95% and 100% ethanol. After 
that , sides were placed in 2 changes of xylene for 3 minutes each followed by cover slip 
mounting with paramount (Fisher Scientific , Pittsburgh , PA). 
b) TRAP Stain 
Number of osteoclasts was determined by counting the number of multi-nucleated 
tartrate-resistant acid phosphates (TRAP) positive cells on the surface of bone trabeculae in 
femur distal metaphysis area. Slides were deparafinized as mentioned and rehydrated , then 
incubated in 0.2 M sodium acetate (Sigma-Aldrich, St. Louis , MO) buffer for 20 minutes. 
The buffer also contains 50 mM L ( +) tartaric acid (Sigma-Aldrich, St. Louis , MO). After 
the elapse of the incubation time , two additional materials were added to the same buffer. 
Those were 0.5 mg/ml napthol AS-MX phosphate (Sigma-Aldrich , St. Louis , MO) and 1.1 
mg/ml fast red TR salt (Sigma-Aldrich , St. Louis , MO). The sections were then incubated 
for 1-2 minutes at 37°C. After that , the slides were monitored every minute until osteoclasts 
are bright red. The slides were then rinsed in distilled water followed by counterstaining 
with hematoxylin for 2-3 seconds. After that , the slides were rinsed with water for 5 
minutes , air-dried overnight and mounted with paramount (Southern Biotech , Birmingham , 
AB). 
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1.1.10 Statistical Analysis 
Data were presented as means and standard of deviation. Two-way ANOV A with 
Tukey HSD post-hoc test was used to assess the influence of genotype and gender on 
skeletal morphology. Student's T test was used to assess the influence of LOX+/- LOXL-1-
/- genotypes on female mice compared to wild type mice. One way ANOV A with post-hoc 
Tukey HSD test was used to establish statistical analysis between the male groups (wild 
type, single and compound knockout). A P values with less than 0.05 was considered 
statistically significant. 
MANOVA analyses were used to determine the variability of the independent µCT 
parameters that were obtained from the different areas analyzed. 
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4.2 Materials and Methods for Part II: 
IN VIRTO EXPRESSION OF L YSYL OXIDASE PRO ENZYME 
4.2.1 Wes tern Blot Analysis 
Both forms of lysyl oxidase , the proenzyme and the mature form were separated in 
samples using 10% SDS-P AGE gel electrophoresis . Separated proteins were transferred 
overnight to PVDF membranes. The membranes were then blocked with milk for one hour 
then incubated overnight with affinity purified primary rabbit antibodies. Two types of 
antibodies were used; an affinity purified antibody that binds the mature form of lysyl 
oxidase (1 µg/ml) which also binds to the proenzyme form, and an affinity purified antibody 
against lysyl oxidase propeptide (0.4 µg/ml) which will also binds the proenzyme form. The 
next day, the membranes were washed four times, ten minutes each with TBST (20 mM 
Tris, 150 mM NaCl and 5 % Tween-20) to break nonspecific protein antibody interactions. 
The membranes were incubated with HRP goat anti-rabbit antibodies (Santa Cruz 
Biotechnology , Santa Cruz, CA) for one hour. After that , the membranes were incubated for 
one minute with western blotting detection reagent (GE Healthcare) for one minute. Then 
the membranes were exposed using X-ray films. 
The mature form of lysyl oxidase is detected at 32 kDa; the proenzyme form usually 
runs at 50 kDa and the propeptide runs at 18 kDa. Two types of molecular weight markers 
were used; broad range pertained SDS-page standards (Bio-Rad, Hercules, CA) and 
kaleidoscope pre-stained standards (Bio-Rad, Hercules , CA). 
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4.2.2 Overexpression of the Rat Lysyl Oxidase Proenzyme Using 293, CHO and COS-7 
Cells 
We used the TREX system (lnvitrogen , Carlsbad , CA) to overexpress the rat lysyl 
oxidase proenzyme in different cells types. The system consists of a regulatory vector and an 
expression vector. The regulatory vector (6.7 kb) is pcDNA6/TR (lnvitrogen , Carlsbad, 
CA). It expresses high levels of the tetracycline (tet) repressor which regulates the 
expression vector . The expression vector (5.1kb) is pcDNA4/TO/myc-His (lnvitrogen , 
Carlsbad, CA). The cDNA sequence of the rat lysyl oxidase proenzyme was inserted in the 
expression vector proceeded by osteonectin signal peptide . 
4.2.3 Use of BMP-1 Inhibitor 
BMP-1 inhibitor (FG-2575) can be used, at a concentration of 5.15 µg/ml, to inhibit 
the processing of the secreted lysyl oxidase proenzyme by doxycycline- induced cells. The 
inhibitor is added at the time of induction (5.15 µg/ml). Equal volume of vehicle is added to 
the control cells. 
4.2.4 Creation of Stable Cells Lines 
We used 293 cell line (Invitrogen , Carlsbad, CA) which contain the regulatory 
vector. The cells were grown in DMEM media (Invitrogen , Carlsbad, CA) containing 10% 
F.B.S., 4 mM L-glutamine , and 5 µg/ml blasticidin (Sigma-Aldrich , St. Louis, CA). The 
cells were transfected with the expression vector (2.4 µg/ml) using lipofectamine 2000 
(Sigma-Aldrich , St. Louis , CA). The ratio of DNA to lipofectamine 2000 is 2:3 (W: V). 
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After transfection, stable cells containing the expression vector were selected using Zeocin 
(Sigma-Aldrich, St. Louis, CA) at a concentration of 150 µg/ml. 
COS-7 cells (ATCC, Manassas, VA) were grown in DMEM media containing 10% 
FBS, 4 mM L-glutamine. When the cells were 90-95% confluent, they were transfected with 
the regulatory vector (2.4µg/ml) lipofectamine 2000 (Sigma-Aldrich, St. Louis, CA). The 
ratio of DNA to lipofectamine 2000 is 2:3 (W: V). Stable cells were selected using 
blasticidin (5µg/ml). Stable cells were grown in the same media with the addition of 
blasticidin ( 5 µg/ml). 
4.2.5 Transfection of COS-7 Cells Containing the Regulatory Vector 
COS-7 cells containing the regulatory vector were grown in DMEM media 
containing Blasticidin (5 µg/ml). When the cells were 90-95% confluent, media was 
changed to FBS- free media and transfection was done one hour later. We used the 
transfection agent Gen-jet (Signagen, Gaithersburg, MD) with the ratio of DNA (2.4 µg/ml) 
to agent 1 :3 (W:V). DNA and Gen-jet were placed in separate tubes containing FBS- free 
media ·and then mixed and incubated for 15 minutes. Transfection was then done by adding 
the mixed media to the cells. During transfection, cells should be in 50% more media than 
during culture. 
4.2.6 Induction of the Cells Using Doxycycline 
Cells were induced to express and secrete lysyl oxidase proenzyme usmg 
doxycycline (Sigma, St. Louis, MO). The media of 293 and COS-7 cells was changed 24 h 
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after transfection with media containing tetracycline (1 µg/ml). Expression and secretion of 
lysyl oxidase proenzyme was analyzed by Western blots. 
4.2. 7 Purification of Lysyl Oxidase Proenzyme from the Cell Layer of 293 Cells 
The extraction was performed 48 hours after inducing the cells with doxycycline. 
The media was aspirated and the cell layer was rinsed three times with cold PBS . Then the 
cells layer was scraped into 3 ml of 0.15 M NaCl , 0.016 M potassium phosphate , and 0.1 % 
Tween 20 buffer , pH 7.8 containing protease inhibitor cocktail (1: 1000). The cells were 
homogenized on ice using manual homogenizer by several manual strokes of 
homogenization . The homogenate was transferred to 50 ml sorvall polycarbonate centrifuge 
tube , and centrifuged at 10,000 rpm for 15 minutes. The supernatant was aspirated and the 
proenzyme was extracted from the remaining pellet using 20 ml of 6 M urea , 0.2 M NaCl , 
0.016 M potassium phosphate buffer , pH 7.8 containing protease inhibitor cocktail (1 :1000). 
The extraction was done by using the manual homogenizer. The extract can be then purified 
more by mixing with equilibrated hydroxyapatite Bio-Gel and then anion exchange 
chromatography. 
4.2.8 Use of Hydroxyapetite Bio-Gel to Purify Lysyl Oxidase Pro enzyme Extracts 
Lysyl oxidase extracted with 6 M urea buffers can be further purified by mixing 30 
ml of the extract with 5 gm of equilibrated hydroxyapatite Bio-Gel (Bio-Rad , Hercules , 
CA). For equilibration , 5 gm of the powder is first hydrated with 30 ml of 0.2 M potassium 
phosphate buff er pH 7. 8 for 10 minutes . The hydroxyapatite is allowed to settle and the 
buffer is replaced and the process is repeated until the pH is within 0.05 units of the starting 
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buffer. The powder is then equilibrated with 0.016 M potassium phosphate pH 7.8 until the 
pH of the used buffer is within 0.05 units from pH of the starting buffer. The equilibrated 
hydroxyapatite can be stored in the same buffer. 
Lysyl oxidase extracted with 6 M urea is mixed with the equilibrated powder and 
stirred for 10 minutes at 4 ° C and allowed to settle for 3 0 minutes . The supernatant is 
clarified by centrifugation at 10,000g for 10 minutes and then concentrated. Protein 
concentration was calculated and the amount of lysyl oxidase proenzyme was estimated 
based on the number and the intensity of different bands in gel staining. 
4.2.9 Anion Exchange Chromatography 
6 M urea extracts of lysyl oxidase proenzyme can be further purified using Ion-
Exchange Chromatography. The column used is Bio-Rad UNO Q-1, Q-1 R. Column (Bio-
Rad, Hercules, CA). The column is first washed with, 6 M urea, 1 M NaCl, 0.016 potassium 
phosphate buffer (pH 7.8) for 30 minutes. Then the column is equilibrated with 2 M urea, 
0.016 potassium phosphate buffer, and (pH 7.8). The sample is diluted form 6 M urea to 2 M 
urea by 0.016 potassium phosphate buffer (pH 7.8). The sample is then loaded onto a 
medium pressure anion-exchange column (1 ml-volume column) on a Biologic HR 
chromatography system (Bio-Rad, Hercules, CA) at a flow rate of 2 ml/min. The column is 
then washed with the equilibration buffer until the 0D 280 of the effluent is less than 0.002 
then further washed with the same buffer. The column is then washed with 0.016 M 
potassium phosphate buffer (pH 7.8) with a volume 5 times the size of the column followed 
by 0.4 M NaCl , 0.016 M potassium phosphate buffer (pH 7.8) for 10-15 minutes. Lysyl 
oxidase proenzyme is then eluted with a gradient of urea concentration at a flow rate of 2 
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ml/minute. The linear gradient starts with OM urea, 0.4 NaCl , 0.016 M potassium phosphate 
buffer (pH 7.8) buffer for 10-15 minutes , and then urea concentration is increased linearly 
by 6 M urea, 0.4 M NaCl , 0.016 M potassium phosphate buffer (pH 7.8) buffer until urea 
concentration reaches its maximum. Collect elution fractions and analyze them be western 
blotting. The fractions containing the proenzyme are pooled and concentrated (Janes, Mu et 
al. 1990). 
4.2.10 Purification of Lysyl Oxidase Proenzyme form the media of COS-7 Cells 
COS-7 cells were transfected as mentioned previously. After 24 hours the cells were 
induced with tetracycline (1 µg/ml). Cell culture media were collected 48 hours after 
induction. The medium was vacuum-filtered using 0.45 µm CA (Cellulose Acetate) low 
protein binding membrane (Coming , Glendale, AZ). The vacuum was stopped and 30 ml 16 
mM potassium phosphate , 6 M urea buffer (pH 7.8) buffer was used to elute lysyl 
proenzyme . One hour later , vacuum was applied again and the elution was analyzed by 
W estem blotting and gel staining. 
4.2.11 Processing of Lysyl Oxidase Proenzyme by BMP-1 
A partially pure sample of lysyl oxidase proenzyme was dialyzed against 1 liter of 50 
mM Tris, 150 mM NaCl , 5 mM CaCh ,pH 7.5 buffer for 6 hours with buffer changed after 1, 
3 and 5 hours . After that , 7 µg of lysyl oxidase proenzyme was incubated with 30 ng of 
commercially available BMP-1 (R&D systems, Minneapolis , MN) enzyme for 4 hours at 37 
°Cat a final volume of 200 µl. In order to inhibit nonspecific proteinases we added 40 µg/ml 
soybean trypsin inhibitor , 10 µg/ml leupeptin , and 0.4 mM phenylmethylsulfonylflouride 
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(Uzel, Scott et al. 2001). A sample was aliquoted and mixed with an equal volume of SDS-
PAGE sample buffer and boiled for 5 minutes and then subjected to 10% PAGE and western 
blotting to analyze the efficiency of the processing. The remaining sample was used in a 
fluorometric assay to detect lysyl oxidase enzyme activity. 
4.2.12 Detection of Active Lysyl Oxidase by Fluorometric Assay 
We used a previously developed fluorometric assay method to measure lysyl oxidase 
activity (Palamakumbura and Trackman 2002). Lysyl oxidase oxidatively deaminates alkyl 
monoammes and diamines according to the following equation (Trackman and Kagan 
1979): 
RCH2NH2 + 02 + H20 __. RCHO + NH 3 + H202 
The method depends on coupling this reaction with horseradish peroxidase-catalyzed 
oxidation of N-Acetyl-3 ,7-dihydroxyphenoxazine (Amplex red). In the presence of 
horseradish peroxidase , hydrogen peroxide oxidizes amplex red to give fluorescent product 
with an excitation maximum at 563 nm and an emission maximum at 587 nm. This assay is 
sensitive to 50 ng of pure lysyl oxidase. In this assay, 0.135 of hydrogen peroxide is 




5.1 Part I: Bone Phenotype of Lysyl Oxidase Isoform Knockout Mice 
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5.1.1. Properties of Trabecular Bone of Distal Femur Metaphysis 
In order to characterize trabecular bone properties of mice lacking lysyl oxidase 
(LOX+/-) and lysyl oxidase like one (LOXL 1-/-), we analyzed selected areas of femur distal 
metaphysis and epiphysis. We used wild type animals as controls. Figure 1 shows three-
dimensional images of distal femur metaphysis obtained from different mice representing 
the different groups. When compared to the images of wild type mice, the images 
representing the compound knockout mice (LOX+/-, LOXLI-/-) show less amount of 
trabecular bone and more spacing between the trabeculae. We then quantified different 
trabecular bone parameters from comparative areas of metaphysis and epiphysis from 
animals representing the different groups. Among these parameters are total volume which 
quantifies the total volume of the analyzed area, bone volume which quantifies the volume 
of bone within the analyzed area and relative bone volume which gives the ratio of bone 
volume to total volume. Parameters that describe trabecular geometry are connectivity 
density which quantifies the average number of connections between the trabeculae in a 
certain volume , trabecular number which quantifies the average number of trabeculae 
between each mm of distance , trabecular thickness which quantifies the average thickness of 
trabeculae in mm , structural model index which gives value close to zero for plate-like 
trabeculae and value close to three for cylindrical rod-like trabeculae and trabecular spacing 
which measures the average spacing between the trabeculae in mm. Bone mineral density is 
a measurement of the amount of hydroxyapatite in mg per cubic centimeter of bone. 
Comparison of these parameters is presented in the following material. 
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Figure I: Three-dimensional images for femur distal metaphysis representing wild-type , 
compound knockout , and single knockout male mice. 
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Total Volume of Femur Distal Metaphysis (TV mm3) 
Micro CT analysis showed that the total volume of the traced area in the metaphysis 
of the compound knockout mice is significantly increased compared to wilt type mice with 
P< 0.0001 (Figure 2A) . This indicates that these mice may have larger bones (+20 .5%). 
The compound knockout females have a significant increase in metaphysis total volume. 
In males , the compound knockouts showed th e highest total volume , wild type 
showed the lowest total volume and single knockout (LOXLl-/-) mice showed midway 
value with no significance from either wild type or compound knockout mice (Figure 2B). 
These results indicate that the gene deletion affects both males and females with regard to 
metaphysis size and that both LOX and LOXLl had a role in determining this feature. 
The analysis showed that male mice have significantly higher total volume than 
female mice (p<0.0001). This difference due to gender is clearly seen since males always 
have a larger body built than females. 
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Figure 2:A. Comparison of TV in femur metaphysis between wild type and compound 
knockout mice. * indicates a significant difference between wild type and compound 
knockout mice. Analysis was done by two-way ANOVA and p is less than 0.0001. B. 
Comparison of TV between wild type , compound knockout and single knockout mice 
groups. Compound knockout females show significant increase in TV by t test (p=0.00036). 
Compound knockout male mice also show significant increase in TV (p=0.0039) by one-
way ANOV A. * indicates significant difference from wild type mice. 
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Bone Volume (BV mm 3) 
Analysis of the bone volume in femur metaphysis area of the compound knockout 
and wild type mice showed similar bone volume (Figure 3A). We would expect to see 
higher bone volume with increased total volume of a bone organ area. The same metaphysis 
area from these mice contains less bone than an equal area from normal mice. 
Further analysis did not show significant differences in bone volume between 
compound knockout females and wild type females. Wild type , compound and single 
knockout males also showed no differences with regard to bone volume (Figure 3B). No 
significant gender differences were found in bone volume. 
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Figure 3:A. Analysis of bone volume of femur metaphysis by two-way ANOVA did not 
show differences between wild type and compound knockout mice. B. Bone volume 
measurements do not show any significant changes in femur metaphysis between the 
different genotypes in males ( one-way ANOV A) or females (t test). 
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Relative Bone Volume (BV/TV) 
The relative bone volume is significantly decreased by 19% in femur metaphysis of 
compound knockout mice. Analysis was done by two-way ANOV A and the p value equals 
0.0276 (Figure 4A). These mice have increased total volume and similar bone volume to 
wild type mice. This value reflects the loss of trabecular bone in the LOX+ /- and LOXLJ- 1-
mice and accounts for the increase in metaphysis volume without an increase in total bone 
volume 
Compound knockout female mice showed a significant decrease in relative bone 
volume. Compound knockout males have the lowest relative bone volume and single 
knockout males have higher relative bone volume than wild type male mice (Figure 4B). No 
significant gender differences were found with regards to relative bone volume. 
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Figure 4 : A. Relative bone volume is significantly decreased in femur metaphysis of 
compound knockout mice. * indicates a significant difference between wild type and 
compound knockout mice (P=0.0276). Analysis was done by two-way ANOV A. B. 
Comparison of relative bone volume among the different groups based on genotype. 
Compound knockout females showed a significant decrease in relative bone volume , 
p=0.0006 by t test. Differences between the male groups were significant by one-way 
ANOV A. * indicates significant difference from wild type mice. 
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Bone Mineral Density (mg HA/cm2) 
Bone mineral density is significantly decreased (2%) in the metaphysis of compound 
knockout mice when compared to wild type mice, p=0.0013 by two-way ANOVA (Figure 
5A). This suggests that these animals are unable to achieve peak bone density due to 
abnormalities in the deposition of extracellular matrix and hence they are prone to 
osteoporosis. 
Both male and female compound knockout mice showed significant decrease in bone 
mineral density. Single knockout (LOXL 1-/-) male mice have slightly less bone mineral 
density than wild type mice. 
Female mice have significantly higher bone mineral density in their femur 
metaphysis than male mice (P<0.05). This result indicates gender variability in developing 
bone density. 
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Figure 5 :A. BMD of femur metaphysis is significantly decreased in the compou_nd knockout 
mice. * indicates a significant difference between wild type and compound knockout mice 
(P=0.0013 by two-way ANOVA). B. Comparison of BMD among the different groups based 
on the different genotypes. Female compound knockout mice show significant decrease in 
bone mineral density, p=0.007 by t test. Compound knockout male show significant 
decrease in bone mineral density from wild type mice, p=0.0034 by one-way ANOV A. * 
indicates significant difference from wild type mice. 
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Connectivity Density (Conn.D /mm 3) 
The compound knockout mice showed a significant decrease (31.1 % ) in connectivity 
density, p<0.0001 by two-way ANOVA (Figure 6A). These values better explain how well 
the trabecular meshwork is organized. Loss of connections between the trabeculae will 
render them spaced apart and less resistant to loading forces . 
The decrease in connectivity density is clearly seen in compound knockout female 
mice (Figure 6B). LOX and LOXLl gene deletion affect connectivity density more in 
female mice than in male mice. An explanation for this is that male mice have less 
connectivity density than female mice and cannot survive with less (Bouxsein, Myers et al. 
2005). 
Compound knockout male mice have lower connectivity density than wild type 
mice. Single knockout male mice have connectivity density values midway between wild 
type and compound knockout males. The differences were not statistically significant by 
one-way ANOV A. 
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Figure 6: Comparison of Conn. D of femur metaphysis by µCT 
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Figure 6: A. Connectivity density is significantly reduced m the metaphysis of the 
compound knockout mice. * indicates a significant difference between wild type and 
compound knockout mice (P<0.0001 by two-way ANOVA). B. Compound knockout female 
mice have significant decrease in Conn.D, p<0.0001 by t test. Connectivity density of single 
knockout male mice lies midway between wild type and compound knockout mice with no 
significant differences by one-way ANOV A. * indicates significant difference from wild 
type mice. 
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Structural Model Index (SMI), Trabecular Number (Tb.N/mm) and Trabecular Thickness 
(Tb.Th mm) 
Structural model index results indicate that these mice have cylindrical rod-shaped 
metapheyseal trabeculae. There was no effect of LOX isoform gene deletion on the shape of 
trabeculae (WT 2.3 +/- 0.24, Compound Knockout 2.2 +/- 0.32). 
Figure 7.A shows that Tb.N is significantly decreased (17.6%) in the compound 
knockouts (4.2 /mm+/- 0.44) compared to wild type (5.11 /mm +/- 0.38). This loss of 
trabecular number is compensated by a slight increase in Tb. Th. Compound knockouts 
show average Tb.Th of 0.0478 mm+/- 0.005 compared to 0.0469 mm +/- 0.0038 in wild 
type mice. These differences in Tb.Th were not statistically significant by two-way ANOV A 
because Tb.Th was increased only in compound knockout male mice (0.0482 mm +/-
0.0069) compared to wild type males (0.0456 mm+/- 0.0038), and was almost the same in 
compound knockout female mice (0.0473 mm+/- 0.002) compared to wild type females ( 
0.048 mm+/- 0.0036). 
Male mice in general have significantly higher Tb.N than female mice. 
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Figure 7: Comparison of Tb.N between wild type and compound knockout mice 
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Figure 7: A. Tb.N is significantly decreased in femur metaphysis of compound knockout 
mice. * indicates a significant difference between compound knockout and wild type mice 
(p<0.0001 ). 
B. Tb.N is significantly decreased in female compound knockout mice (p<0.0001 by t test). 
Both compound and single knockout show significant decrease in Tb.N. (p=0.0037 by one-
way ANOV A). * indicates significant difference from wild type mice. 
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Trabecular Spacing (Tb.Sp mm) 
The spacing between the metaphyseal trabeculae is significantly increased (24%) in 
femur metaphysis of compound knockout mice, p<0.0001 by two-way ANOVA (Figure 
8A). Along with Conn. D, These values are strong indicators for the presence of defects 
within the trabeculae. 
Both male and female compound knockout mice show a significant increase in 
trabecular spacing when compared to male and female wild type , respectively (Figure 8B). 
Single knockout male mice also have increased trabecular spacing (Figure 8B). 
The trabecular spacing is significantly higher in female mice than in male mice 
(p<0.0001 by two-way ANOVA). Female mice may increase the connections between their 
trabeculae to compensate for the increased spacing and lower trabecular number. 
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Figure 8 :A. Trabecular spacing is significantly increased in the metaphysis of the compound 
knockout mice. * indicates a significant difference between wild type and compound 
knockout mice (P<0.0001 by two-way ANOV A). B. Compound knockout female mice show 
significant increase in Tb.Sp (p<0.0001 by t test). * indicates a significant difference 
between wild type and compound knockout mice. One-way ANOVA indicates significant 
increase in Tb.Sp in compound male mice (p=O.O 1 ). Trabecular spacing in the metaphysis of 
single knockout male mice is midway between wild type and compound knockout mice with 
no significance from either group. * indicates significant difference from wild type mice. 
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Trabeculae of Long Bones of LOX+/-, LOXLl Knockout Mice is Characterized by 
Spacing, Porosity and Low Mineral Density 
By comparing epiphyseal trabecular bone parameters of the compound knockout 
mice to wild type mice , we did not find significant differences. The mouse genotype 
(LOX+/- LOXLl -/-) did not have much effect on the morphology of trabecular bone in 
distal femur epiphysis (data not shown). 
In conclusion , we can say that LOX+/- and LOXLJ-1- compound gene deletion in 
mice affects the normal development of trabecular bone in long bones. The trabeculae are 
characterized by increased spacing and decreased connections , count and mineral density. 
The metaphysis area is affected more than the epiphysis. 
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5.1.2 Properties of Cortical Bone of Femur Diaphysis 
We wanted to investigate whether the mouse genotype (LOX+/- LOXLI-/-) has 
effects on cortical bone properties similar to its effects on trabecular bone. We therefore 
analyzed the cortical bone of comparable areas from the femur mid diaphysis region of the 
knockout mice and compared the analysis to wild type mice. The areas selected were 1.2 
mm thick and chosen from femur mid diaphysis. Figure 9 shows three-dimensional images 
of the selected mid diaphysis areas selected for analysis. The images represent an animal 
from each group. Table 1 present the means+/- SD of the different µCT parameters obtained 
from analyzing these areas. The parameters are somehow similar to the parameters used for 
analyzing trabecular bone with some differences. Similar parameters are total volume, bone 
volume, relative bone volume and mineral density. Cortical thickness is measurement of the 
average thickness of the cortical bone in the analyzed area. pMOI is a mathematical value 
and it measures the object's ability to resist torsional forces. Comparisons of these 
parameters are presented in the following material. 
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Femur Diaphysis 
Wild Type female LOX +/-L OXL 1-/-femal e 
Wild Type male LOX+/+ LOXL 1-/- male LOX +/-LOXL 1-/-male 
Figure9: Three-dimensional images for femur mid diaphysis representing wild type, 
compound knockout , and single knockout mice. 
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Genotype Cort. Mean2 pMOI 
and Gender TV (mm3) BV (mm3) BY/TV Thickness (mg (mm4) 
Femur (mean+/- (mean+ /- (mean+/- (mm) HA/cm3) (mean+/-
Diaphysis SD) SD) SD) (mean+/- (mean+/- SD) 
Cortex) SD) SD) 
Wild Type 1.95 +/- 0.911 +/- 0.467 +/- 0.19+/- 1481.19 +/- 0.3 +/-
Female 0.82 0.039 0.0098 0.004 10.787 0.02 
LOX+/-
LOXLI-/- 2.41 +/- 1.068 +/- 0.444 +/- 0.2 +/- 1448.36 +/- 0.437 +/-
Female 0.138 0.0576 0.168 0.008 14.42 0.041 
Wild Type 2.51 +/- 1.184 +/- 0.472 +/- 0.212 +/- 1440.21 +/- 0.52 +/-
Male 0.268 0.118 0.0107 0.01 17.80 0.103 
LOX+/-
LOXLl-/- 2.93 +/- 1.31 +/- 0.449 +/- 0.22 +/- 1435.77 +/- 0.666 +/-
Male 0.229 0.062 0.02 0.008 12.149 0.076 
LOX+/+ 
LOXLI- /- 2.65 +/- 1.252 +/- 0.475 +/- 0.22 +/- 1478.71 +/- 0.562 +/-
Male 0.201 0.071 0.024 0.009 20.728 0.076 
Table 1: Mean +/- SD of cortical bone parameters of femur mid diaphysis region of 
compound knockout, single knockout and wild type mice. 
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Total Volume (TV mm\ Bone Volume (BV mm3) and Relative Bone Volume (BV/TV) 
The parameters of cortical bone analysis are shown in Table 1. Cortical bone 
analysis of the mid diaphysis shows that LOX isoform gene deletion resulted in a significant 
increase of the size of the diaphysis with increasing the amount of bone (p<0.0001 by two-
way ANOVA). The analysis shows that relative bone volume is significantly decreased in 
femur diaphysis of these mice (p=0.0006 by two-way ANOV A). 
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Cortical Thickness 
The compound knockout mice have a significantly thicker cortex ( +4. 7%) in femur 
diaphysis than wild type mice, p=0.0052 by two-way ANOV A (Figure 1 0A). This increase 
may be similar to what is happening in the thickness of individual trabeculae, a 
compensation for the lower matrix and minerals. 
Compound knockout females show a significant increase in cortical bone thickness, 
p=0.004 by t test. There are minimal differences between the different male groups with no 
significance (Figure 1 OB). Male mice have a significantly thicker bone cortex than female 
mice, p<0.0001 by two-way ANOV A. 
Femoral Bone Length 
As bone cortex is getting wider and thicker , the whole bone is getting longer. The 
compound knockout mice have significantly longer femur bones (16.33 mm+/- 0.44) then 
wild type mice (15.8 mm+/- 0.68) with P= 0.04 by two-way ANOV A. 
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Figure 10: Comparison of cortical thickness of femur diaphysis by µCT 
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Figure 1 0:A. The compound knockout mice have thicker cortex than wild type mice. * 
indicates a significant difference between wild type and compound knockout mice 
(P=0.0052 by two-way ANOV A). B. Compound knockout female mice show significant 
increase in cortical bone thickness (p=0.004 by t test). Single knockout male mice also have 
thicker cortex than compound knockout and wild type mice. No significance was found 
among the male groups. * indicates significant difference from wild type mice. 
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Polar Moment oflnertia (pMOI mm4) 
Mathematically , the femurs of the compound knockout mice have higher resistance 
to torsion in their diaphysis. This is explained by an increase (34. 7%) in the value of pMOI, 
p<0.0001 by two-way ANOVA , an increase that can be attributed to the increase in cortical 
thickness (Figure 1 lA). 
Compound knockout female mice showed a significant increase in pMOI in their 
femur diaphysis , p<0 .0001 by t test (Figure 11B). Compound knockout male mice also have 
a significant increase in pMOI , p=0.009 by one-way ANOV A. pMOI of single knockout 
male mice in midway between compound knockout and wild type male mice with no 
significant difference from either group (Figure 11B). 
Male mice have a significantly higher pMOI than female mice, p<0.0001 by two-
way ANOVA. 
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Figure 11: Comparison of pMOI of femur diaphysis by µCT 
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Figure 11 :A. pMOI is significantly increased in the diaphysis of the compound knockout 
mice. * indicates a significant difference between wild type and compound knockout mice 
(P<0.0001 by two-way ANOVA). B. Single knockout male mice have pMOI values midway 
between compound knockout and wild type mice. * indicates significant difference from 
wild type mice. 
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Twist to Failure in Torsion of Femurs 
Upon subjecting the femurs of the compound knockout and wild type mice to the 
twist to failure in torsion test, it seemed that the increase in cortical parameters such as 
cortical thickness, pMOI and area have a significant effect on the torque needed to break 
these bones. The bones from the knockout animals experienced significantly higher 
rotational force before going into failure than bones from wild type animals. Max torque 
values were 0.027 Nm +/- 0.004 for the knockouts compared with 0.023 Nm +/- 0.0069 for 
controls (p=0.03 by two-way ANOV A). Normalized twist to failure, torsional stiffness and 
work values obtained fr om the twist to failure test were not affected by the genotype 
LOX+/- LOXLl-/-. 
Following the superior cortical bone properties of male mice against female mice, 
mechanical testing results indicate that the torsional stiffness is significantly higher in the 
femurs of male mice than female mice (p=0.001 by two-way ANOVA). 
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Characteristics of Long Bones of Mice Having the Genotype (LOX+/- LOXLl-/-) 
Long bones of mice with the genotype LOX+/- LOXLl-/- are in general larger in 
size than bones of normal animals. They have less relative bone volume. The trabeculae are 
highly spaced and less connected. The cortical bone is thicker but with less relative bone 
volume. Male mice lacking lysyl oxidase like one only (LOXLl-/-) have bone properties in 
between the properties of the compound knockout male mice (LOX+/-, LOXLl-/-) and the 
properties of wild type male mice. 
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5.1.3 Properties of Trabecular Bone of LS Vertebrae 
Lysyl oxidase and lysyl oxidase like one deficiency cause trabecular defects in long 
bones. We wanted to investigate whether these defects also affect trabecular bone in the 
axial skeleton. Therefore , we analyzed the trabecular bone in the vertebral body of lumbar 
vertebrae number 5 by µCT. Figure 12 show three-dimensional images of the selected areas 
from the caudal end of the vertebral bodies. The images are from one animal from each 
group. The number of vertebrae analyzed was 16 wild type (8 males and 8 females), 11 
compound knockout mice ( 6 females and 5 males) and 5 single knockout male mice. 
Trabecular bone parameters obtained from the vertebrae of LOX+/- LOXLl-/- and LOXLl-
/- knockout mice were compared to parameters obtained from wild type mice. Among these 
parameters are total volume which quantifies the total volume of the analyzed area, bone 
volume which quantifies the volume of bone within the analyzed area and relative bone 
volume which gives the ratio of bone volume to total volume . Parameters that describe 
trabecular geometry are connectivity density which quantifies the average number of 
connections between the trabeculae in a certain volume , trabecular number which quantifies 
the average number of trabeculae per mm of distance, trabecular thickness which quantifies 
the average thickness of trabeculae in mm, structural model index which gives values close 
to zero for plate-like trabeculae and values close to three for cylindrical rod-like trabeculae 
and trabecular spacing which measures the average spacing between the trabeculae in mm. 
Bone mineral density is a measurement of the amount of hydroxyapetite in mg per cubic 
centimeter of bone. Comparison of these parameters is presented in the following material. 
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Wtld Type Male LOX+/+ LOXL 1-/-Male LOX+/-LOXL1- /-Male 
Figure 12: Three-dimensional images of the trabeculae of L5 vertebral body representin g 
wild type, compound knockout , and single knockout male mice 
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Total Volume (TV mm3) of L5 Vertebrae 
It seems that LOX isoform gene deletion exerts its effects on the axial skeleton in a 
similar way to the effect on the appendicular skeleton. Total volume inside the tracing 
contour is significantly increased (20.9%) in the vertebrae of the compound knockout mice, 
p<0.0001 by two-way ANOVA (Figure 13A). 
Female compound knockout mice have significant increase in total volume, p<0.0001 by 
t test (Figure 13B). The total volume of single knockout male mice is in between the values 
of compound knockout and wild type mice with no significant differences by one-way 
ANOV A (Figure 13B). 
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Figure 13: Comparison of TV of LS vertebral trabeculae by µ.CT analysis 
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Figure 13:A. Total volume measured inside the contour of vertebral trabeculation of LS 
vertebrae is significantly higher in the compound knockout mice , p<0.0001 by two-way 
ANOVA B. Compound knockout female mice show significant increase in TV , p<0 .0001 by 
t test. The total volume value of single knockout mice is midway between compound 
knockouts and wild type mice with no significant differences by one-way ANOV A. * 
indicates significant difference from wild type mice. 
65 
Bone Volume (BV mm3) 
The increase in total volume of the vertebral body is not associated with an increase 
m bone volume . Bone volume is significantly decreased (24.6%) in the vertebrae of 
compound knockout mice, p=0.0288 by two-way ANOVA (Figure 14A). 
Female compound mice show significant decrease in bone volume , p=0.0076 by t test 
(Figure 14B). Single knockout male mice have less bone volume than compound knockout 
and wild type male mice with no significant differences by one-way ANOV A (Figure 14B). 
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Figure 14:A. Bone volume is significantly decreased in the vertebral trabeculation of the 
compound knockout mice. * indicates a significant difference between wild type and 
compound knockout mice, p=0.0288 by two-way ANOV A. B. Compound knockout female 
mice show a significant decrease in BV, p=0 .0076 by t test. No significant differences were 
found between the male groups by one-way ANOV A. * indicates significant difference from 
wild type mice. 
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Relative Bone Volume (BV /TV) 
LOX+/- LOXLl -/- genotype in mice causes more bone loss in the vertebral body as 
well as in femur metaphysis but with higher extent. Vertebrae of the knockout mice have a 
significant increase in TV and a significant decrease in bone volume which renders relative 
bone volume significantly decreased (38.3%) in the vertebral trabeculae , p=0.0002 by two-
way ANOVA (Figure 15A). 
Compound knockout female mice show s significant decrease of relative bone volume in 
vertebral trabeculae , p=0.0002 by t test (Figure 15B). Single knockout male mice show a 
significant decrease of relative bone volume from wild type male mice , p=0.03 by one-way 
ANOV A. They have less relative bone volume than compound knockout male mice with no 
significance (Figure 15B). 
This tissue variability between femur metaphysis and vertebral body in response to 
enzyme deletion would reflect more specificity of deleting only LOXLl in affecting the 
trabeculae of vertebral body rather than femur metaphysis. 
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Figure 15: A. Compound knockout mice have significantly lower BV /TV than wild type 
mice. * indicates a significant difference between wild type and compound knockout mice 
(P=0.0002 by two-way ANOVA). B. Compound knockout female mice have significant 
decrease in relative bone volume , p=0.0002 by t test. Single knockout males have 
significantly lower BV /TV than wild type mice , p=0.03 by one-way ANOV A. * indicates 
significant difference from wild type mice. 
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Bone Mineral Density (mg HA/cm3) 
The compound genotype exerts a significant effect on bone mineral density in the 
spine of the affected mice which showed significant increase (2%) in the trabeculae of their 
vertebrae, p=0.01 by two-way ANOVA (Figure 16A). This effect is opposite to the effect on 
femur metaphysis which showed significant decrease in bone mineral density upon enzyme 
deletion. 
Compound knockout male mice show increased bone mineral density in vertebral 
trabeculae. Single knockout male mice show values of bone mineral density in between the 
values of wild type and compound knockout male mice (Figure 16B). 
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Figure 16: Comparison of BMD in vertebral trabeculation 
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Figure 16:A. Bone mineral density is significantly increased in the vertebral trabeculation of 
the compound knockout mice , p=0.01 by two-way ANOV A. B. Bone mineral density is 
significantly increased in the vertebral trabeculation of the compound knockout male mice, 
p=0.02 by one-way ANOV A. * indicates significant difference from wild type mice. 
71 
Connectivity Density (Conn.D /mm3) 
As seen between the trabeculae of femur metaphysis , the trabeculae in the vertebral 
body lose their connectivity significantly (59%) in the compound mutant animals, p<0.0001 
by two-way ANOV A (Figure 17 A). 
Compound knockout female mice show a significant decrease in connectivity 
density, p=0.0001 by t test. Single knockout male mice have values of connectivity density 
lower than both wild type and compound knockout male mice (Figure 17B). This result also 
indicates a role of LOXLl rather than LOX in affecting this parameter in the trabeculae of 
the vertebrae . 
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Figure 17: A. Connectivity density is significantly decreased between the trabeculae of L5 
vertebrae of the compound knockout mice , p<0.0001 by two-way ANOVA . B. Compound 
knockout female mice show significant decrease in Conn.D, p=0.0001 by t test. Single 
knockout mice have significant decrease connectivity density than wild type mice , p =0.03 
by one-way ANOVA. * indicates significant difference from wild type mice. 
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Trabecular Number (Tb.N /mm) 
Consistent with the more aggravated response to LOX and LOXLl enzyme deletion , 
the trabeculae in the vertebral bodies are significantly less (25 .1 % ) in number than wild type 
animals , p<0.0001 by two-way ANOV A (Figure 18A). 
Female compound knockout mice show significant decrease in vertebral trabecular 
number , p<0.0001 by t test (Figure 18B). Single knockout male mice Tb.N is almost equal 
to Tb.N of compound knockout male mice but they do not show significance from wild type 
animals by one-way ANOV A. 
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Figure 18 :A. Trabecular number is significantly decreased in the L5 vertebrae of compound 
knockout mice, p<0.0001 by two-way ANOV A. B. Both male and female compound 
knockout mice have significant decrease in trabecular number. Single knockout male mice 
do no show significant differences in Tb.N from wild type mice but they tend to have equal 
values to compound knockout mice. * indicates significant difference from wild type mice. 
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Trabecular Spacing (Tb.Sp mm) 
Trabecular spacing is significantly increased by 35.7% between the vertebral 
trabeculae of the compound knockout mice, p<0.0001 by two-way ANOVA (Figure 19A). 
Compound knockout female mice show a significant increase in trabecular spacing, 
p<0.0001 by t test (Figure 19B). The trabecular spacing values obtained from the bones of 
the single knockout male mice showed that they have more spaced trabeculae than wild type 
male mice and less spaced than compound knockout male mice with no significant 
differences between the groups by one-way ANOV A (Figure 19B). 
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Figure 19: A. Compound knockout mice have significantly higher trabecular separation 
between their L5 vertebral trabeculation than wild type mice , p<0.0001 by two-way 
ANOV A. B. Comparison of Tb. Sp. among the different groups shows that compound 
knockout female mice have significant increase in Tb.Sp, p<0.0001 by t test. No significant 
differences were found among the male groups by one-way ANOV A. * indicates significant 
difference from wild type mice. 
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Structural Model Index (SMI) and Trabecular Thickness (Tb. Th mm) 
There is a slight decrease in trabecular thickness in these mice (0.043 mm +/- 0.003) 
compared to their controls (0.046 mm+/- 0.003). The structural model index values were 2.7 
+/- 0.22 and 2.67 +/- 0.292 for wild type and compound knockouts, respectively . These 
results indicate that the trabeculae in the vertebral body of these mice have cylindrical rod 
shape and this shape is not affected by LOX or LOXLI enzyme deletion . 
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Characteristics of Trabecular Bone in the Axial Skeleton of LOX+/-, LOXLl-/-
Knockout Mice 
As well as with metaphyseal trabecular bone of the compound knockout mice, the 
trabecular bone in the vertebrae is characterized by increased spacing and decreased 
connectivity between the trabeculae , low number and relative bone volume. Bone mineral 
density is increased in contrast to being decreased in the metaphysis of femurs . Male mice 
lacking LOXL 1 only (LOXLJ- 1-) have trabecular bone properties similar to the compound 
knockout male mice. 
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5.1.4 Properties of Cortical Bone of LS Vertebrae 
As we did by analyzing the cortical bone of femurs, we wanted to see weather LOX 
and LOXLl deletion would affect cortical bone properties in the vertebrae. We therefore 
analyzed the cortical shell of the vertebrae form the same areas that we selected to analyze 
the trabecular bone. Figure 20 shows three-dimensional images of the cortical shell of LS 
vertebrae. The images represent an animal form each group of wild type (male and female), 
compound knockouts (male and female) and single knockout males. Table 2 presents means 
+/- SD of cortical bone parameters obtained from µCT analysis. Comparisons of these 
parameters are presented in the following material. The parameters include total volume, 
bone volume, relative bone volume, cortical thickness and bone mineral density. 
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Wild Type Female LOX+I-LOXL 1-/-Female 
Wild Type Male LOX +/+ LOXL1-/-Male LOX +/-LOXL 1-/-Male 
Figure 20: Three-dimensional images of the cortical shell of L5 vertebral body representin g 
wild type , compound knockout , and single knockout mice 
81 
Genotype and TV (mm3) BV (mm 3) BV/TV Cortical Mean2 
Gender (mean+/- SD) (mean +/- SD) (mean +/- SD) Thickness (mg HA/cm 3) 
(L5 vertebral (mm) (mean +/- SD) 
shell) (mean +/- SD) 
Wild Type 0.523 +/- 0.29 +/- 0.56 +/- 0.074 +/- 1197.27 +/-
Female 0.05 0.0365 0.03 0.0048 4.145 
LOX+/- 0.611 +/- 0.29 +/- 0.4694 +/- 0.0745 +/- 1214.984 +/-
LOXLl-/- 0.018 0.058 0.082 0.009 25.2 
Female 
Wild Type 0.49 +/- 0.24 +/- 0.49 +/- 0.066 +/- 1193.53 +/-
Male 0.0369 0.029 0.044 0.0046 9.34 
LOX+/- 0.5387 +/- 0.2287 +/- 0.41 +/- 0.061 +/- 1215.23 +/-
LOXLl-/- 0.055 0.0575 0.042 0.00719 23.273 
Male 
LOX+/+ 0.515 +/- 0.225 +/- 0.44 +/- 0.062 +/- 1205.615 +/-
LOXLl-/- 0.0237 0.0222 0.0378 0.0048 32 
Male 
Table 2: Mean +/- SD of cortical bone parameters of L5 vertebrae from compound 
knockout, single knockout and wild type mice. 
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Analysis of Cortical Bone in L5 Vertebrae (Table 2) 
Analysis of vertebral cortical bone shows that total volume is significantly increased by 
13.6% in the compound knockout mice, p=0.0006 by two-way ANOV A. The increase in 
total volume was not accompanied by increase in bone volume. Relative bone volume is 
significantly decreased (16.7%) in compound knockout mice, p=0.002 by two-way 
ANOV A. Bone mineral density is significantly increased (1.6%) in the vertebral cortex of 
compound knockout mice, p=0.0073 by two-way ANOV A. Cortical thickness is not 
significantly affected by the compound genotype. 
In contrast to the superior cortical bone properties in femur diaphysis for male over 
female mice, cortical shell of the vertebral body of female mice have superior properties 
over the vertebral cortical shell of male mice. TV, BV, BV/TV and cortical thickness are 
significantly higher in female vertebral cortical shell than in male vertebral cortical shell. 
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5.1.5 Percentage of Change of Trabecular and Cortical Bone Parameters in the 
Compound Knockout Mice in Distal Femur Metaphysis and LS Vertebral 
Trabeculation 
µCT analysis of the bones of LOX+/- LOXL 1 mice showed that they lose trabecular 
bone in femur metaphysis and vertebral bones (Table 3). The effect of LOX and LOXLl 
enzyme deletion has caused more bone loss in the vertebrae (38.3% of BV/TV) than in 
femur metaphysis (19.2% of BV /TV). The same response is also seen in Conn.D which 
decreases by 59.4 % and by 31.1 % in the vertebrae and femur metaphysis , respectively. The 
increase in trabecular spacing was 35.7 % in the vertebrae and 26.5 % in femur metaphysis. 
Analysis of the cortical bone of femur diaphysis and L5 cortical shell from LOX+/-
LOXL-/- knockout mice is shown in table 4. Both areas how significant increase in TV, 19.8 
% in femur diaphysis and 13.6 % in vertebral cortex. They also show significant decrease in 
relative bone volume , 4.8 % in femur diaphysis and 16.7 % in vertebral cortex. The 
variability is noticed with respect to cortical thickness which is significantly increased in 
femur diaphysis by 4. 7% and is not significantly changed in vertebral shell. 
Female compound knockout mice tend to lose more bone due to enzyme deletion 
than male mice (Table 5 and Tables 6). For example , the compound knockout females have 
70% and 49 % losses of BV/TV and Conn.D in the trabeculation of the vertebral body, 
respectively , while compound knockout male mice have 44.2 % and 25.3 % loss of BV/TV 
and Conn.D in the same area, respectively. The same female group has 46.2 % increase in 
Tb.Sp and the male group has 24.2 % increase in Tb.Sp in the same area. 
This variability also exists in femur distal metaphysis but to a lesser extent. In this 
area, compound knockout females show 27.6 % and 34.66 % loss of BV/TV and Conn.D, 
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respectively , while compound knockout males show 9.9 % and 26.8 % loss of BV /TV and 
Conn.D, respectively. In the same area, the female and male groups have 27.7 % and 20.7 % 
increase of Tb.Sp , respectively. 
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Parameter 
TV BV BV/TV BMD Conn.D Tb.N Tb.Sp 
Anatomical site (% of loss in 
LOX+/- LOXLI -/- mice) 
Distal Femur Metaphysis +20% -4.1% -19.2% -2.1% -31.1 % -17.6% +26.5% 
P<0.0001 NS p=0.0276 p=0 .0013 p<0.000 p<0.0001 p<0.0001 
L5 Vertebral Trabeculation +21% -24.6% -38.3% +2% -59.4% -25.2% +35.7% 
p<0.0001 p=0.288 p=0 .0002 p=0 .01 p<0.0001 p<0.0001 p<0.0001 
Table 3: shows percentage of change of trabecular bone parameters in femur metaphysis and 
L5 vertebrae of the compound knockout mice. 
Parameter 
TV BV BV/TV BMD Cortical pMOI 
Anatomical site (% of loss in Thickness 
LOX+/- LOXLl -/- mice) 
Femur Mid Diaphysis +19.8% +13.6% -4.8% -1.28% +4.7% +14% 
P<0.0001 p<0.0001 p=0 .0006 p=0.0034 p=0 .0052 p<0.0001 
L5 Vertebral Cortex +13.6% -5.16% -16.7% +1.65% -3.3% 
P=0.0006 p=0.34 p=0.0002 p=0.0073 p<0.37 
Table 4: shows percentage of change of cortical bone parameters in femur diaphysis and L5 
vertebral cortex of the compound knockout mice. 
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Parameter 
TV BV BV/TV BMD Conn.D Tb.N Tb.Sp 
Anatomical site (% of loss in 
LOX+/- LOXL 1 -/- female 
mice) 
Distal Femur Metaphysis +21.69 -8.27% -27.6% -1.7% -34.66% -19.8% +27.7% 
L5 Vertebral Trabeculation +29% -23.3% -49% +l.4% -70% -32.1% +46.2% 
Table 5: shows the percentage of change of trabecular bone parameters in femur metaphysis 
and LS vertebrae of compound knockout female mice 
Parameter 
TV BV BV/TV BMD Conn.D Tb.N Tb.Sp 
Anatomical site (% of loss in 
LOX+/- LOXL 1 -/- male mice) 
Distal Femur Metaphysis +19.4% +4.8% -9.9% -2.3% -26.8% -15.5% +20.7% 
LS Vertebral Trabeculation +14.6% -11.9% -25.3% +2.8% -44.2% -16.9% +24.2% 
Table 6: shows the percentage of change oftrabecular bone parameters in femur metaphysis 
and LS vertebrae of compound knockout male mice 
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5.1.6 Cross-Link Analysis 
In an attempt to investigate the effect of LOX and LOXL 1 enzyme deficiency on the 
formation of collagen cross-links , we collected the tibia and fibula from each animal and 
sent the samples to the University of North Carolina, Chapel Hill, North Carolina, for cross-
link analysis. Analysis of the reducible and non-reducible lysyl oxidase catalyzed 
cross links show that the total number of aldehydes is significantly decreased in the bones of 
the compound knockout mice, P=0.03 by two-way ANOV A (Table 5). It is not surprising to 
see such a decrease since these aldehydes are the first product of lysyl oxidases-catalyzed 
reactions. Analysis of the mature and immature cross links is show in table 5. In general, the 
results show decrease in immature cross links in the bones of male and female LOX+/-
LOXL-/- mice. This decrease was not statistically significant. The mature cross link 
pyridinoline was decreased only in the bones of LOX+/- LOXL-/- mice. The decrease was 
also not statistically significant. 
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Genotype & DHNL/IM DHLNL/IM HLNL/IM Pyr/(DHLNL + 
gender coll coll coll Pyr/lM coll Total aid DHLNL/HLNL HLNL) 
(mean+/- (mean+/- (mean+/- (mean+/- (mean+/- (mean+/- (mean+/-
SD) SD) SD) SD) SD) SD) SD) 
Wild type 0.2048 +/- 1.545 +/- 0.247 +/- 0.169 +/- 2.336 +/- 7.314+/- 0.0986 +/-
Female 0.163 0.448 0.105 0.117 0.501 3.203 0.053 
LOX+/- 0.0854 +/- 1.149+/- 0.1554 +/- 0.1074 +/- 1.602 +/- 7.562 +/- 0.083 +/-
LOXLI-/- 0.027 0.318 0.042 0.046 0.453 1.838 0.017 
Female 
Wild type 0.115 +/- 1.351 +/- 0.236 +/- 0.1018+/- 1.904 +/- 5.884 +/- 0.071 +/-
Male 0.038 0.174 0.058 0.024 0.249 0.901 0.019 
LOX+/- 0.1048+/- 1.27 +/- 0.24 +/- 0.1354 +/- 1.884 +/- 5.566 +/- 0.097 +/-
LOXLI-/- 0.0255 0.1 0.067 0.051 0.105 1.3 0.037 
Male 
Table 5: Values for the different types of lysine aldehydes and cross-links analyzed from the 
tibia and fibula bones of compound knockout and wild type mice. The values are expressed 
per mole of collagen. 
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5.1. 7 Correlation Analysis 
A significant positive correlation was found between the values of connectivity 
density of femur metaphysis and the values of DHNL/lM Collagen among wild type and 
compound knockout mice. The correlation value equals 0.622 and the calculated t values 
equals 3.4 which is higher than the t critical (2.086) for sample number of 20 and P < 0.05 
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Figure 21: Significant correlation was found between connectivity density of femur 
metaphysis and DHNL/ 1 M collagen among wild type and compound knockout mice. 
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5.1.8 MANOV A of µCT Data 
Multiple analyses of variance (MANOV A) is a method of analysis to determine how 
the independent µCT variables affect trabecular or cortical bone characteristics. MANOVA 
analyses of trabecular bone parameters in femur distal metaphysis showed that Conn.D and 
Tb.N represent the most important variables in determining the trabecular bone morphology 
in this area. While in the trabeculation of the vertebral body, relative bone volume, Conn.D 
and SMI showed the most significant and correlated effect on trabeculae morphology. 
The same analyses were done on cortical bone parameters in femur diaphysis and 
vertebral shell. Relative bone volume and cortical thickness were the determining variables 
of cortical bone characteristics in femur diaphysis. In the vertebral cortical shell, bone 
volume and relative bone volume mostly determined the phenotypic characters of this area 
of bone. 
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5.1.9 Histological Analysis 
Histological slides from the compound knockout and single knockout mice were 
analyzed and compared to slides from wild type animals. The analysis aimed to support µCT 
analysis by quantifying the bone volume fractions form areas representing the distal femur 
metaphysis. The number of animals used was 10 wild type (5 males and 5 females), 10 
compound knockouts ( 5 males and 5 females) and 5 single knockout male mice. The 
analysis excluded the outer cortical shell and quantified trabecular bone within a certain 
area. Figure 22 shows H&E staining of representative areas from distal femur metaphysis. 
The areas in pink indicate trabecular bone. It is clear that the slides from the compound 
knockout mice have less amount of bone than the slides from wild type mice. 
Further analysis was done by counting the number of TRAP positive multi nucleated 
giant cells found on the surface of bone · trabeculae. The cells were counted from 
representative areas and normalized the contour of trabecular bone surface (1/mm). 
Comparison of the ratio of these cells between the different groups would indicate the 
activity of osteoclastic bone resorption. Comparisons of the previously mentioned 
parameters are presented in the following material. 
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Bone Volume Fraction (H&E) 
Wild type female LOX+/-LOXL 1-/-female 
Wild type male LOX+/+ LOXLl-/-male LOX +1-LOXL 1-/-male 
Figure 22: H&E stain of sections from wild type, compound knockout and single knockout 
mice. 
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Histological Assessment of Bone Volume Fraction 
Bone volume fractions calculated from H&E stains of distal femur metaphysis show 
that the compound knockout mice have a significant decrease in this parameter compared to 
knockout mice, p=0.0295 by two-way ANOV A (Figure 23A). 
Both male and female compound knockout mice show decrease in bone volume 
fraction (Figure 23B). Single knockout male mice have value for bone volume fraction in 
between the value of compound knockout and wild type mice with no significance from 
either group (Figure 23B). The analysis also show that male mice have significantly higher 
bone volume fraction than female mice, p=0.0063 by two-way ANOV A. 
These results are presented as support for the results obtained from µCT analysis. 
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Figure 23 :A. Bone volume fraction of femur metaphysis 1s significantly decreased in 
compound knockout mice, p=0.0295 by two-way ANOV A. B. Female compound knockout 
mice have significant decrease in bone volume fraction, p=0.028 by t test. Compound 
knockout male mice show decreased bone volume fraction compared to wild type mice, 
while single knockout male mice have midway values between the previous two groups with 
no significant differences. 
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Osteoclast Ratio 
The compound knockout mice show significant increase in osteoclast ratio in femur 
metaphysis , p=0 .0009 by two-way ANOVA (Figure 24A). This result proposes an increased 
osteocalstic bone resorption around metaphysis trabeculae. 
Compound knockout female mice show significant increase in the ratio of osteoclasts 
to trabecular bone surface by about the double, p<0.0001 by t test (Figure 24B). This may 
explain the more aggravated bone loss seen in female mice. There were no significant 
differences among the male groups by one-way ANOV A. 
These results would suggest the presence of increased bone resorption which 
contributes to the observed trabecular phenotype and the general decrease in relative bone 
volume in trabecular bone in femurs. 
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Figure 24: Osteoclast Number per mm of trabecular bone surface (TRAP Stain) 
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Figure 24: A. shows comparison of osteoclast ratio between the compound knockout and 
wild type mice , p=0.0009 by two-way ANOVA . B. compound knockout female mice have 
significant increase in osteoclast ratio by more than the double , p<0.0001 by t test. No 
significant differences were found among the male groups. 
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5.1.10 Femur Distal Growth Plate Analysis 
After characterizing trabecular and cortical bone properties of femurs from mice 
lacking lysyl oxidase and lysyl oxidase like one enzyme, we wanted to see whether the 
deletion of these genes (LOX +/- LOXLJ- 1-) would have any effects on the proliferation and 
differentiation of the chondrocytes in the distal growth plates of the femurs. Abnormalities 
in chondrocytes may affect the deposition of the hyaline cartilage template which in turn 
may affect endochondral bone formation in long bones. We chose central section's showing 
the growth plate form each animal representing the different mice groups, wild type 5 males 
and 5 females, compound knockouts 5 males and 5 females and 5 single knockout male 
mice. Figure 25 shows H&E stained sections of the growth plates under high magnification. 
The analysis aimed to find chondrocyte cell density within the growth plate to see if there 
any abnormalities in the number of chondrocytes. We also measured the average height of 
the growth plate at five different areas. Finally, we counted the average number of flat 




A Wild Type Female D LOX+/-L OXL1 -/-Femal e 
B Wild Type Male C LOX+l+L OXLl-1-Male E LOX+/-L OXL1-/-Male 
Figure 25: H&E staining of the growth plates from wild type, compound knockout and 
single knockout mice. The slides show disorganized chondrocyte zones. 
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Chondrocyte Cell Density 
The average number of chondrocytes normalized to total growth plate area is not 
affected by LOX isoform enzyme deletion (Figure 26 A and B). The chondrocytes appear to 
lose their organized zones in the growth plates of LOX+/- LOXLl-/- compound knockout 
mice (Figure 25D and E) . There is no clear distinction between the three morphological 
zones , periarticular zone , column forming cells and hypertrophic chondrocytes. In the 
growth plates of wild type mice and LOXLl single knockout mice , we can see that the 
chondrocytes appear arranged in their morphological zones (Figure 25 A, Band C) 
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Figure 26: Chondrocyte Density in Femur Distal Growth Plates 
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Figure 26: A and B, No significant changes were found in chondrocyte density between 
compound knockout and wild type mice. 
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Average Height of the Growth Plates 
LOX+/- LOXLl-/- and LOX+/+ LOXLl -/- genotypes had no effects on the average 
height of the distal femur growth plates (Figure 27 A and B). 
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Figure 27: Average Height of the Growth Plates 
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Compound knockout mice have significantly less average number of column 
forming cells than wild type mice, p<0.0001 by two-way ANOVA (Figure 28A). Female 
compound knockout mice show significant decrease in the average number of column 
forming cells, p<0.0001 by t test (Figure 28B). Single knockout male mice have an average 
number of column forming cells that is comparable to the number in wild type mice and 
higher than the number in compound knockout male mice. The significant decrease in the 
number of column forming cells in the compound knockout mice is significant from both 
wild type mice and LOXLl single knockouts, p=0.0073 by one-way ANOVA (Figure 28B). 
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Figure 28: Column-Forming Cells 
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Figure 28: A. shows the comparison of the average number of growth plate column forming 
cells between compound knockout and wild type mice , p<0.0001 by two-way ANOV A. B. 
Female compound knockout mice show a significant decrease in the number of column 
forming cells , p=0. 000 I by t teat. Compound knockout mice show a decrease in the number 
of column-forming cells from wild type mice and single knockout mice , p=0 .0037 by one-
way ANOV A. * indicates significant difference from wild type controls. * * indicates 
significant difference between compound and single male knockouts. 
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5.2 Part II: Expression of Lysyl Oxidase Proenzyme by 293 and COS- 7 Cells 
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5.2.1 The Expression System 
In an attempt to over express lysyl oxidase proenzyme , we used a tetracycline-
regulated expression system which consists of a regulatory vector and expression vector. 
The rat lysyl oxidase proenzyme cDNA sequence was inserted into the expression vector by 
a colleague from our lab (Figure 29). The vector was multiplied using E.coli and extracted 
from bacterial pellet. Then it was integrated into 293 cells , which were purchased containing 
the regulatory vector , by transfection. The cells were then induced by doxycycline to express 
the protein of interest. 
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Figure 29: The T-Rex is tetracycline-regulated expression system composed of a regulatory 
plasmid which encodes the Tet-repressor and inducible expression vector used to express the 
gene of interest. Doxycycline is used to induce the expression. 
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5.2.2 Expression of Lysyl Oxidase Proenzyme Using 293 Cells 
293 Cells containing the regulatory plasmid were grown until 90-95% confluence. 
They were then transfected with the expression vector containing the rat lysyl oxidase 
proenzyme cDNA sequence. After 24 hours , the cells were induced with doxycycline to 
express and secret lysyl oxidase proenzyme. Western blot analysis using lysyl oxidase 
antibody shows that the cells express the proenzyme and it is mostly retained inside the cells 
(Figure 30). The appearance of dark bands on the Western blot indicates the accumulation of 
large amounts of lysyl oxidase proenzyme either inside the cells or it is precipitating on the 
cell layer with time. 
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Figure 30: Western blot analysis of lysyl oxidase expression and secretion in 293 cells. 
Samples were collected at 12, 24 and 48 hours after induction from media and cell layer. 
After running the samples in SDS-PAGE gel, they were transferred into PVDF membrane. 
The membrane was incubated with lysyl oxidase antibod y. The dark bands indicate high 
amounts of the proenzyme retained within the cells . 
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5.2.3 Use of BMP-1 Inhibitor 
We tried to inhibit the processing of the secreted amount of lysyl proenzyme into the 
culture media of 293 cells to see if the amount of the proenzyme will be enough for 
collection and use. BMP-1 inhibitor (FG-2575) was used at a concentration of 5.15 µg/ml of 
culture medium . Western blotting was used to analyze samples of culture media of 
transfected and induced 293 cells. We used two types of antibodies , lysyl oxidase antibody 
and lysyl oxidase proenzyme antibody. The results show that there is inhibition of lysyl 
oxidase proenzyme processing but the remaining amount of the proenzyme is not enough for 
collection and use (Figure 31). The low signal in Figure 3 lA indicates low expression of 
LOX proenzyme in the medium. The strong signal in Figure 31B is because LOX-
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Figure 31: Western blot using lysyl oxidase antibody (A) and lysyl oxidase propeptide 
antibody (B) to view the effect of using BMP-1 ( 5 .15 µg/ml) inhibitor on the processing of 
secreted lysyl oxidase proenzyme by 293 cells. Equal volume of DMSO was added to the 
control cells. 
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5.2.4 Selection of Stable 293 Cells That Have Integrated the Expression Vector 
293 cells were transfected with the expression vector and allowed to grow. Stable 
cells were selected by Zeocin (0.15mg /ml). Expression and secretion of lysyl oxidase 
proenzyme was analyzed at different time points after induction with tetracycline. The 
Proenzyme was mostly retained inside the cells and the secreted portion undergoes 
immediate processing to the 32-kDa mature enzyme (Figure 32) 
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Figure 32: Analysis of the expression and secretion of lysyl oxidase proenzyme in the 
culture media of induced stable 293 cells. Lysyl oxidase antibody was used with Western 
blots. 
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5.2.5 Extraction of Lysyl Oxidase Proenzyme from the Cell Layer of Induced 239 Cells 
Stable 293 cells were induced with tetracycline. After 48 hours , the culture media 
was aspirated and lysyl oxidase proenzyme was extracted from the cell layer as mentioned 
in the methods. Western blot was used to analyze the extraction results. Part of the 
proenzyme was extracted using 6 M urea but most of it remained with remaining cell pellet 
(Figure 33). 
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Figure 33: Western blot analysis by lysyl oxidase antibody of the extraction procedure. 20µg 
of protein was loaded in each lane. CH: cell homogenate, Salt extract did not contain a lot of 
the proenzyme. Urea extract: part of the proenzyme was extracted by 6M urea. Cell pellet: 
large portion of the proenzyme remained attached to the cell pellet. 
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5.2.6 Use of Hydroxyapatite 
As a purification step , 6 M urea extracts of lysyl oxidase proenzyme were treated 
with hydroxyapatite Bio-Gel. Before and after samples were analyzed using Western blot 
and lysyl oxidase antibody (Figure 34). A major fraction of the impurities was bound by 
hydroxyapatite and the proenzyme remained soluble in urea . 
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Figure 34: B and C are Western blots of samples of urea extracts containing lysyl oxidase 
proenzyme treated with hydroxyapatite. Gel staining of before (A) and after (D) samples 
show that major fraction of the impurities was precipitated and the proenzyme remained 
soluble in urea. Lysyl oxidase antibody was used. 
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5.2. 7 Anion Exchange Chromatography 
After treatment with hydroxyapatite, the urea extract of lysyl oxidase proenzyme was 
further purified using anion exchange column. The proenzyme bound to the column and was 
eluted with a gradient of urea concentration starting from O to 6 M. Fractions were collected 
and analyzed by Western blotting using lysyl oxidase propeptide antibody. The proenzyme 
was eluted at 3 M urea concentration (Figure 35). The fractions containing the proenzyme 
were pooled and concentrated and then analyzed by W estem blotting. 
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Figure 35: A. Elution fractions of lysyl oxidase proenzyme by anion exchange column. B. 
Shows Western blotting ( 1) and gel staining (2) of pooled and concentrated fractions 
containing the proenzyme. 
121 
5.2.8 Use of COS- 7 Cells to Express Lysyl Oxidase Proenzyme 
The inability to get enough amounts of lysyl oxidase from the cell layer of 293 cells 
has led us to use different types of cells. CHO cells gave negative results. Stable COS-7 
cells that integrated the regulatory plasmid were grown to become 90-95% confluent. They 
were then transfected with the expression vector. Expression and secretion of lysyl oxidase 
proenzyme was analyzed by Western blotting over different time points. The result show 
that they do express and secret · 1ysyl oxidase proenzyme into the culture media. The 
expression and secretion peaks at 48 hours (Figure36) 
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Figure 36: Western blot analysis using lysyl oxidase antibody was used to analyze the 
expression and secretion of lysyl oxidase proenzyme form COS- 7 cells. Expression and 
secretion reach peak at 48 hours. 
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5.2.9 Purification of Lysyl Oxidase Proenzyme from the Culture Media of Induced 
COS-7 Cells 
After transfection with the expression vector, COS-7 cells were induced with 
doxycycline ( 1 µg/ml) and the culture media was collected after 48 hours from induction. 
Upon filtration the media in cellulose acetate membrane, the proenzyme present in the 
media bound to the membrane and was eluted using buffered 6 M urea. The urea elute was 
treated with hydroxyapetite and concentrated. Western blotting and gel staining show strong 





Figure 37: Western blot and gel staining for the purification of lysyl oxidase from the culture 
media of COS-7 cells. A and B present western blots of urea elution before and after 
treatment by hydroxyapatite, respectively. C and D represent gel staining of urea elution 
before and after hydroxyapatite treatment, respectively. 
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5.2.10 Processing of Lysyl Oxidase Proenzyme by BMP-1 
Incubation of lysyl oxidase proenzyme with BMP-1 resulted in partial processing 
after 4 hours. The processing did not improve after 8 hours (Figure 38). A faint 32-kDa band 
of lysyl oxidase mature enzyme is observed at O h time point which suggests some 
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Figure 38: 20 µg of purified lysyl oxidase proenzyme was incubated with 30 ng of BMP-1. 
Samples were taken at 0, 4 and 8 hours to analyze the processing reaction. Very minimal 
processing occurred before incubation which could have happened during the dialysis 
procedure. Partial processing occurred after hours which did not improve after 8 hours. 
Lysyl oxidase antibody was used with western blots. 
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5.2.11 Detection of Mature Lysyl Oxidase Activity using Fluorometric Assay 
Samples from the processing reaction were used in a fluorometric assay to detect 
mature lysyl oxidase activity. 0 hour time point sample had showed activity and produced 
0.50 n moles/ml of H2O2, which corresponds to 1.3 µg of active lysyl oxidase. This activity 
could come from lysyl oxidase proenzyme or from the small fraction of processed mature 
enzyme. 4 hours time point showed less activity than 0 hour time point and produced 0.24 n 
moles/ml H2O2 , which corresponds to 0.5 µg of active lysyl oxidase. This decrease in 
activity may result from loss of enzyme activity over time. 8 hours time point sample 
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Figure 39: A fluorometric assay to detect mature lysyl oxidase activity at 0, 4 and 8 hour 
time points after incubation with BMP-1. 
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6. Discussion 
The bone phenotype we are presenting is a direct response to the deficiency of lysyl 
oxidase and lysyl oxidase like-I. The fact that mice lacking these enzymes are unable to 
develop the normal trabecular bone architecture is important in understanding the 
pathological mechanisms that cause bone loss in other bone diseases. These mice have 
spaces and defects in their trabecular bone structure, which can also be found in different 
strains of mice after ovarectomy. A study indicates that one month after ovarectomy, 
vertebral trabecular BV/TB declined (15 to 24%) in four different strains of mice which 
were BALB/cByJ, CAST/EiJ , DBA2/J and C57BL6J (Bouxsein, Myers et al. 2005). Down 
regulation or inhibition of these enzymes may be one of the risks of developing 
postmenopausal osteoporosis. Another outcome of this down regulation of these enzymes 
could be age-related osteoporosis. The greater BV /TV loss in females than males and the 
general loss of trabecular bone is seen in age-related changes in C57BL/6J mice (Glatt, 
Canalis et al. 2007) . In our study BV /TV was the variable that showed significant decrease 
in all of the areas analyzed. Femoral metaphyseal trabecular BV/TV decreased by 19.2% 
and vertebral trabecular BV /TV decrease by 38.3%. 
The presence of such trabecular defects in femur metaphysis and vertebral body 
trabeculae indicates a generalized bone phenotype affecting both the appendicular as well as 
the axial skeleton. The defects are elucidated mainly by the significant decrease in relative 
bone volume in all of the areas analyzed. The variability in the response with respect to the 
different parameters obtained from µCT analysis is a reflection of the differences of bone 
morphology between femoral and vertebral bones. Femoral bones have trabecular bone at 
the ends in metaphysis and epiphysis. Vertebral bones have bone trabeculation through the 
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length of the vertebral body. This is the reason why the severity in the loss of bone is more 
pronounced in vertebral bones . The relevance of this profound bone loss in the vertebral 
bone is that the main site of osteoporotic fractures in the spinal column. Vertebral fractures 
may cause loss of vertebral height and stability, risk of neurological injury and pain, which 
render osteoporosis a major clinical problem (Tommasini , Morgan et al. 2005) . The 
variability of bone loss could elucidate a separate function or distribution of each gene in 
different sites of the body. From our results, we noticed that trabecular properties of long 
bones of mice having single gene deletion (LOXLJ- 1-) are better than the properties of mice 
having compound gene deletion (LOX+ /-, LOXLJ- 1-). At the same time, they have less 
trabecular bone properties than the properties of wild type mice. We also noticed that in the 
vertebrae, trabecular bone properties are similarly abnormal in mice having single gene 
deletion (LOXLJ- 1-) and in mice having compound gene deletion (LOX+ /-, LOXLJ-1-). The 
analysis may indicate equal distribution and function of LOX and LOXLl in femurs and the 
function or may be the presence of only lysyl oxidase like one in vertebral bones 
Cortical bone is used to build long bones which are used as levers for movement and 
loading. Long bones achieve structural stiffness and lightness by forming marrow spaces. 
Resorption within the marrow cavity causes the cortex to move away from the central axis. 
Long bones grow in length by endochondral supposition on the endosteal surface and in 
width by deposition of bone on the periosteal surface (Seeman and Delmas 2006). While 
LOX+/- LOXLl-/- mice were unable to lay down normal medullary bone, they were 
increasing the thickness of the outer cortical layer. The functional loading on one hand and 
the lack of internal support on the other hand may have led to this bone morphology. This 
compensation of increasing the cortical thickness to overcome the internal porosity was seen 
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in the femurs but not in the vertebrae. Even though the trabecular bone defects were more 
advanced in the vertebral body , they were restored by increasing bone mineral density. 
A compensatory mechanism exists between the metaphyseal trabeculae in which the 
decrease in Tb.N is compensated by a slight increase in Tb. Th, though not significant. This 
is also explained by age related changes in C57BL/6J mice (Glatt , Canalis et al. 2007) , 
where the decrease in Tb.N is accompanied by increase in Tb.Th , a phenomenon noticed by 
Halloran et al (Halloran , Ferguson et al. 2002). This mechanism is absent in the trabeculae 
of the vertebral body where the significant decrease in Tb.N is accompanied by a slight 
decrease in Tb. Th. The decline in trabecular number may be the r esult of remodeling 
activity in an attempt to create more efficient and organized trabecular bone morphology 
(Ruimerman , Hilbers et al. 2005) . 
Some gender differences were found in trabecular bone morphology of distal femur 
metaphysis that were absent in the vertebrae. While bones from female mice had lower Tb.N 
and higher Tb.Sp , their bone trabeculae increased their connectivity and mineral density. 
These gender differences were absent in the vertebral bodies which rendered the femurs in 
female mice more susceptible to fractures than their vertebrae. Similar observations were 
reported for humans. A study by Felix et al (2007) on 165 subjects analyzing trabecular 
bone architecture at six different locations reported that trabecular bone architecture was 
heterogeneous all over the skeleton and that significant sex differences between men and 
women subjects were observed. Gender specificity could also play role for variations among 
sites. Indeed , some sites are repeatedly more susceptible to fracture upon degenerative bone 
pathologies (Eckstein , Matsuura et al. 2007). In our study , this site heterogeneity and gender 
differences were observed as characteristics of cortical bone in femur diaphysis and 
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vertebral cortical shell. While femurs from female mice had lower cortical bone properties , 
their cortical bone in the vertebrae had superior properties over male mice femurs. 
The deterioration of trabecular bone in femur metaphysis and lumbar vertebrae 
indicate a big role of lysyl oxidases in developing the skeleton all over the body. The single 
gene deletion of lysyl oxidase like-I with normal lysyl oxidase showed a ·combined function 
of these enzymes on femur bone development but not on the lumbar vertebrae. This was 
established from the behavior of trabecular bone parameters of single knockout male mice 
which were better than those of compound knockout male mice in femur metaphysis and 
less than the properties of wild type mice. While in the trabeculae of L5 vertebrae , the 
properties were similar between single and compound knockout male mice and both had 
lower properties than wild type male mice. Data from LOXL 1 null female mice would 
further enhance this understanding. 
The combined loss of cortical and trabecular bone ratio and the decrease in the 
number of total aldehydes provides insight into the role of collagen cross links in normal 
bone growth and maturation. Our results show that both immature and mature enzymatic 
cross links were decreased in the bones of LOX+/- LOXL-/- female mice , the decrease was 
not statistically significant. Both types of cross-links affect the physiological functions of 
bone and other connective tissues (Eyre , Dickson et al. 1988; Oxlund , Mosekilde et al. 1996; 
Mammo , Saito et al. 2005) . The positive correlation between the loss of trabecular 
connectivity and the decrease in DHNL cross links supports our hypothesis of the 
importance of lysyl oxidases catalyzed reactions in stabilizing bone matrix and hence 
normal bone development. Normal cross-links formation would render collagen stronger and 
results in insoluble extracellular matrix . Such a role of collagen cross-linking is considered 
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an important factor in determining bone quality (Burr 2002) and may play a role m 
osteoporotic bone fractures (Hernandez, Tang et al. 2005). 
The results of the twist to failure in torsion test, which indicate significant increase of 
the rotational force needed to bring the femurs of the knockout mice into failure, may 
represent an outcome of the increase in cortical thickness and pMOI. Studies have shown 
that bone shape and size are determinates of bone strength (van der Meulen, Jepsen et al. 
2001). A study by Akhter et al indicate that bone mechanical properties is determined by 
both material and geometric properties of bone tissues (Akhter, Cullen et al. 1998). So, even 
though collagen crosses links were decreased, the increase in bone size and cortical 
thickness contributed to the increase in the stiffness of these mice bones. This increase in 
bone stiffness may sacrifice bone flexibility (Currey 1969; Rho, Zioupos et al. 2002). The 
drawback of this test is that it does not asses the strength of the trabecular bone or the 
strength of individual trabeculae. The analysis of cross links was done for the total bone 
which does not indicate the number of cross links in the different anatomical sites within 
each bone. Analysis of the strength of individual trabeculae and the amount of reducible and 
non-reducible cross links on the surface of each trabeculae may be a better way to assess the 
effects of gene deletion on mechanical bone properties. This proposal is based on results 
from studies that indicate that the propensity of individual trabeculae to fracture when the 
bone is loaded is important for understanding the mechanical properties of cancellous bone. 
Fractured trabeculae could weaken the bone by decreasing the loading capacity of 
cancellous bone (Hernandez, Tang et al. 2005). 
Histological studies were performed independently to support our µCT findings of 
trabecular bone phenotype upon LOX and LOXLJ gene deletion. The significant decrease of 
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bone volume fractions from representative areas of the metaphysis of mice lacking lysyl 
oxidase (LOX+/-) and lysyl oxidase like one (LOXLI-/-) supported the results obtained 
from µCT analysis . These mice have less trabecular bone ratio. The significant increase in 
osteoclast ratio indicates some increase in bone resorptive activity around bone trabeculae. 
This abnormal increase in bone resorption may be caused by lack of regulatory function of 
lysyl oxidase on osteoblast cell proliferation and maturation and hence on RANKL/OPG 
system. After secretion , lysyl oxidase proenzyme is processed by BMP-1 to release the 32-
kDa mature enzyme and the 18-kDa propeptide. The functions and fate of the propeptide are 
unknown and are under investigations. A study by Guo et al, 2007 suggests that after 
extracellular release , the lysyl oxidase propeptide taken by osteoblastic cells. Within 
differentiating osteoblasts , the propeptide interacts and binds with microtubules (Guo, 
Pischon et al. 2007). Microtubules are cytoskeletal proteins that have functions such as 
determination of cell division , the shape of the cell and its polarity , cell movement and 
signal transduction (Downing 2000). This association between the propeptide and 
microtubules suggest important functions of the lysyl oxidase propeptide in regulating 
proliferation and differentiation of osteoblasts (Guo, Pischon et al. 2007). The fact that mice 
with half LOX gene deletion (LOX+ /-) also have deficiency of half of lysyl oxidase 
propeptide. These mice may have lost an important regulator of osteoblasts which in tum 
regulate osteoclasts. Investigation of whether lysyl oxidase or its propeptide regulates the 
proliferation of preosteoblasts or their differentiation to osteoblasts may elucidate the exact 
effect of this gene deletion on the regulation of the biology of bone cells. This proposal is 
based on the fact that OPG, a decoy receptor for RANKL , is produced by preosteoblasts and 
lysyl oxidase propeptide is taken by mature osteoblasts. 
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The general differences in the morphology between trabecular and cortical bone may 
explain the reason why bone loss was more pronounced in bone trabeculation. Cortical bone 
is nourished by the Haversian system which exposes only the inner surface of the cortex to 
bone- resorbing cells. The trabeculae lie in the middle of marrow spaces which exposes all 
of their surfaces to bone resorbing osteoclasts. Further analysis on the number and activity 
of osteoblasts is needed to evaluate the anabolic factor in the observed bone phenotype . 
Analysis of collagen properties by certain histological stains specific for collagen such as 
Masson Tri-Chrome can be used to further assess the anabolic factor. Analysis of RNA of 
bone synthesis markers or RNA of collagen type I will also be useful. 
LOX enzyme deficiency affected the organization of chondrocytes within the distal 
femur growth plates. The decrease in the average number of column forming cells is 
observed along with the disorganized cell zones. A study by Farjanel et al, 2005 on 
chondrocytes in two dimensional cultures reports that inhibition of lysyl oxidase activity by 
BAPN prevented or delayed chondrocyte de-differentiation; a process that involves a change 
in morphology and a change of chondrocytes production of genes specific to chondrocytes 
to those specific to fibroblasts. Some of the examples are a study that was done by culturing 
proliferative and hypertrophic chick embryo stema chondrocytes in the presence and 
absence of BAPN. Lysyl oxidase production and activity was assessed by a specific enzyme 
assay and specific antibodies. Cell morphology and biochemical markers were used to assess 
chondrocyte phenotype (Farjanel , Seve et al. 2005). Our data show that single gene deletion 
of LOXLJ did not affect the organization or the number of column forming cells, which 
suggest that LOX itself affect chondrocyte proliferation and differentiation within the 
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growth plates. These abnormalities may affect the normal deposition of cartilage template 
and hence lead to abnormal endochondral bone formation. 
The resemblance of the bone phenotype resulting from half LOX and full LOXLJ gene 
deletion has similarities to multiple diseases affecting bone. It may resemble diabetic bone 
disease in the loss of bone and the decrease of enzymatic cross links (Saito, Fujii et al. 
2006). Experiments in diabetic humans and animals show that over time, collagen becomes 
characterized by decreased solubility and decreased digestibility by collagenases and 
increased glycation. It also becomes modified by immunoreactive advanced glycation 
endproducts (Monnier, Glomb et al. 1996). Some controversy exists with respect to bone 
mineral density. Type I diabetes causes reduced bone mineral density while type II diabetes 
is associated with increased bone mineral density (Carnevale, Romagnoli et al. 2004). The 
first scenario is observed in the femurs of the compound knockout mice and the second 
scenario is observed in the vertebrae. 
Despite the significant decrease of bone mineral density in femurs of the knockout mice 
and the significant increase in the vertebrae of these mice, two facts may make this change 
negligible. The first is that the increase and decrease is about 2 % in the femurs and the 
vertebrae, respectively, which render this change biologically insignificance. The second 
fact is that bone mineral density may be an curate indicator of bone quality but the quality of 
collagen and extracellular matrix are the major determinants of bone strength (Viguet-
Carrin, Gamero et al. 2006). 
The abnormalities in trabecular bone architecture may represent common features to 
age-related changes of bone (Khosla and Riggs 2005) or post menopausal osteoporosis 
(Raisz 2005). The down regulation of lysyl oxidase expression and activity in osteoblasts by 
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TNF-a (Pischon , Darbois et al. 2004) provides insights into the possibility of the down 
regulation of lysyl oxidase during postmenopausal osteoporosis , in which TNF-a is 
upregulated due to estrogen deficiency (Teitelbaum 2004). The general enlargement of bone 
size and the presence of defects inside the bone that could be related to increase osteoclastic 
bone resorption represent a common feature to Paget' s disease of bone (Ralston , Langston et 
al. 2008). 
One may consider the absence or inhibition of the activity of lysyl oxidases as a common 
risk factor in the pathophysiology of all of these bone diseases combined with the specific 
factors for each disease entity. Further investigation on the regulation of lysyl oxidases in 
these diseases on the animal model will answer more of the questions about their exact role 
in affecting bone morphology. 
In the second part of our work , we tried to over express the rat lysyl oxidase proenzyme 
by 293 and COS- 7 cells. The ability to collect the proenzyme from the culture media of 
COS-7 cells enabled us to process it in vitro by BMP-1. A source of recombinant active 
enzyme will enable the testing of drugs that can control its activity during pathological 
fibrosis or invasive cancers. One may use recombinant lysyl oxidase to make cross links in 
tissue engineering applications . Further purification and characterization of the recombinant 
LOX are needed in order to validate its possible utility in tissue applications. Moreover , data 
could indicate a novel finding; that pro-lox is active against some substances in vitro. 
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7. CONCLUSION 
The LOX+/-, LOXLl-/- genotype causes a bone phenotype characterized by spacing 
between the trabeculae and loss of bone. The phenotype affects the appendicular as well as 
the axial skeleton. Both gene deletions caused the phenotype in long bones while data 
suggest that LOXLJ deletion mostly causes the phenotype in the vertebrae. 
The lysyl oxidase proenzyme can be over expressed and purified from the culture 
media of COS- 7 cells and has enzyme activity . When incubated with BMP-1, the mature 32-
kDa lysyl oxidase enzyme was detected. Further characterization of this protein is needed. 
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